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Abstract

The aim of this thesis was to study polycrystalline magnesium diboride (MgB2)
materials for improving the critical current density (Jc). The next-generation
superconducting devices require low-cost operation, inexpensive manufacturing
processes, and reduced size and weight. MgB2 has been judged potentially capable of
meeting these needs because of its high critical transition temperature (Tc), low priced
raw materials, and light constituent elements. It is also well known that MgB2 thin films
have high superconducting performance, which is crucial for superconducting
applications. Specifically, the upper critical field (Bc2) at absolute zero temperature
reaches ~ 60 T, and the Jc at around 0 T can reach 107108 A/cm2. However, in the case
of polycrystalline MgB2 materials such as bulks, wires, and tapes, the Jc values are
approximately two orders of magnitude less than for the thin films. This is due to poor
connectivity between grains, and it mainly arises from the large fraction of voids and
secondary impurity phase caused by particular manufacturing processes. In order to
address this issue, it is necessary to control the microstructural properties of those
materials.
Densification is especially important to eliminate voids and increase effective
areas for supercurrent flow. The Mg diffusion method is known to be one of the best
methods for obtaining highly dense MgB2 bulks and wires, and it yields higher self-field
Jc compared with conventional in situ processed materials. However, the sintering
reaction has been usually performed within the high temperature range of 700  950 ºC,
which has resulted in good crystallinity and large grain size, but could significantly
decrease the in-field Jc, owing to the lack of flux pinning centers such as crystal defects
1

and large amounts of grain boundary. Therefore, it is obviously important to control not
only the mass density, but also the crystallinity and grain size for enhancing the in-field
Jc of polycrystalline MgB2 materials.
In this thesis, an in situ heat-treatment technique was employed to provide very
strong in-field pinning for use within an Mg diffusion process for the preparation of
near-fully-dense un-doped MgB2 bulks. The heat treatment of compacted boron sealed
in Ta tube with Mg pellets employs an initial short high-temperature sintering at
1100 °C, followed by a low-temperature annealing below 660 °C. A high mass density
of 2.5 g/cm3 (95% of the theoretical density) was achieved in the bulks treated by the
two-step process. The in-field Jc is nearly one order of magnitude higher than for the
samples prepared by single-step sintering at high or low temperature. Microstructural
analysis suggested the unique feature of well-connected small grains with a high level
of disorder in the un-doped MgB2 samples created by the two-step process.
Further, an oxygen-free pyrene (C16H10) gas diffusion method was developed to
improve the in-field Jc of highly dense MgB2 materials. Carbon (C) is known to be a
doping element for effectively improving the high-field Jc of MgB2. However, carbon
doping strongly decreases the low-field Jc. This is most likely due to agglomeration of
un-reacted C at grain boundaries, which arises from the difficulty in homogeneous
mixing of Mg, B, and C powders in sample preparation. In the proposed method,
oxygen-free pyrene gas as a C dopant was delinked and incorporated into the highly
dense MgB2 structure via gas phase diffusion. The technique offers the advantages that
molecular C is homogeneously distributed into the MgB2 and substituted at the boron
sites without any severe deterioration of structural integrity. The C substitution causes a
significant shrinkage of the a-axis lattice parameter and an increase in the lattice strain,

2

resulting in high disorder. The introduction of structural disorder as a result of C doping
leads to a considerable enhancement of the in-field Jc and Bc2.
In order to evaluate the effects of densification on superconducting properties,
especially on transport Jc, further studies of polycrystalline MgB2 materials were
conducted. The effects of wire and tape shapes of un-doped MgB2 conductors on the
transport Jc, flux pinning strength, and microstructure were examined. All samples were
prepared by an in situ powder-in-tube process and sintered in the temperature range of
650 to 700oC for 30 min. It was observed that the two types of samples sintered at lower
temperature, ~ 650oC, had a relatively good high-field Jc at 4.2 K and 12 T. This can be
attributed to the strong grain boundary pinning due to smaller grain size. Specifically,
flat tape samples are expected to further improve the self-field Jc properties and grain
connectivity due to core densification and reduction of porosity.
The hot-pressing effects on un-doped and carbon doped MgB2/Nb/Monel wires
were also investigated. Hot-pressing at 100 MPa resulted in the improvement of the
mass density, the Jc, and the grain connectivity of the wires. However, this also caused
additional Jc anisotropy, which is associated with the texture of a- and b-axis oriented
grains. In particular, the anisotropy factors of Jc for the un-doped and the carbon doped
wires were estimated to be 2.6 and 1.7, respectively, under an external magnetic field of
14 T.
The secondary phase MgO, as well as the densification, can have a significant
influence on the Jc. To this end hydrogen gas may act as an oxygen getter, and thus the
influence of hydrogen containing argon gas on the structural and superconducting
properties of MgB2 wires was investigated. Lattice parameters were independent of the
concentration level of hydrogen in argon, while the fraction of MgO was sensitive. The
MgO particles observed by scanning transmission electron microscopy were 30-50 nm
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in size, which is considerably larger than the approximate size range of flux pinning
centers. The sintering atmosphere conditions are a crucial issue for MgB2 wires.
Finally, the effects of the starting Mg size on the superconducting properties of
Mg diffusion processed MgB2 bulks were studied. All samples were fabricated from
both Mg powder and Mg lumps by using the diffusion process. From detailed
synchrotron X-ray refinement and analysis of Raman spectra, it was found that the
lattice disorder was increased for the sample fabricated from Mg powder. This result
was further confirmed by the enhancement of the upper critical field, as estimated by
direct resistive transition analysis or by critical current analysis using the percolation
model. On the other hand, the area fraction from Rowell’s method for the sample
fabricated from Mg powder is much larger than that of the Mg lump sample and almost
comparable to the value for well-connected MgB2 thin film. The starting Mg size is not
only critical for the enhancement of high field properties because it increases the
internal strain, but also because it enhances the connectivity.
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Thesis Organization

Chapter 1 introduces a literature review on MgB2 superconductor, including
existing problems in MgB2 application, and presents the plan for addressing these
existing problems.
Chapter 2 describes the experimental methods which are employed in this study.
In Chapter 3 and Chapter 4, an in situ heat treatment technique for use with the
Mg diffusion process is proposed for enhancing the in-field critical current density (Jc)
of MgB2 without any doping, and the effects are explained.
In Chapter 5, an oxygen-free pyrene (C16H10) gas diffusion method is proposed
for further improving the in-field Jc of MgB2, and the effects are discussed.
In Chapter 6 and Chapter 7, studies of uniaxial cold and hot presses to reduce the
cross-sectional deficiency of MgB2 conductors and improve the transport Jc are reported.
In Chapter 8, a study of hydrogen-containing argon gas that can act as an oxygen
getter and prevent the formation of MgO in the sintering process for MgB2 wires is
presented.
In Chapter 9, a comparative study on the effects of the starting magnesium size
on the superconducting properties of Mg diffusion processed MgB2 bulks is reported.
Finally, Chapter 10 gives the conclusions of this thesis and suggestions for
further work. A list of publications during my PhD study period is presented at the end
of the thesis.
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Chapter 1: Introduction

1.1. Literature Review on MgB2 superconductor

1.1.1 Background
The phenomenon of superconductivity, which arises from an unusual quantum
mechanism below a superconducting transition temperature (Tc), shows unique physical
properties, namely, exactly zero direct current (dc) electrical resistance, the Meissner
effect associated with nearly perfect diamagnetism, and the Josephson effect in two
weakly coupled superconductors, which may have applicability in high-speed, highsensitivity, low-voltage sensors and switches. Thanks to these valuable characteristics,
today, superconducting materials are having a considerable influence on the
development of the next generation of medical services, electrical power systems,
transportation, communication technology, and integrated circuits. Our energy-hungry
world increasingly requires those technologies. Thus, superconductors are becoming
indispensable materials.
Superconductivity was discovered by Heike Kamerlingh Onnes in 1911. It is one
of the greatest discoveries in the history of science. After that, he tried to fabricate a
superconducting magnet using lead (Pb), but it failed. Form the failure of his
experiment, he learned of the existence of the critical field of superconductors, which
completely suppresses superconductivity. His dream was that a high magnetic field
could be excited by magnets using superconductors, but it was left unfulfilled. In 1947,
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a compact helium liquefier was invented by Collins et al. and it made possible some
advance in theoretical and experimental studies related to superconducting magnets.
From 1960 to 1990, niobium titanium (NbTi) and niobium tin (Nb3Sn) superconductors
were employed in many kinds of approaches towards technical development for real
applications. These efforts formed the basis of technical application for magnets using
metallic superconducting materials, and even now, many researchers are still making
steady progress on it. As a result, superconducting materials have become widely
applied in not only research magnets for laboratory use, but also various other
instruments, which is more than what was expected. Specifically, magnetic resonance
imaging (MRI) equipment provides image contrast between different kinds of soft
issues in the human body and is essential to confirm the diagnosis of spinal disc
herniation, anterior cruciate ligament injury, tumour, and stroke. Nuclear magnetic
resonance (NMR) equipment is utilized on the cutting edge of genome-related research.
In addition, superconducting magnetic energy storage (SMES), magnetic levitation
systems for transportation, and large-scale magnets for confinement of plasma in fusion
reactors are expected as the next generation of devices for energy production, its storage,
and its distribution, even though they are still at the experimental stage of development.
On the other hand, cooling technology, which is crucial for superconducting
applications, has also maintained steady progress for the past 15 years. The most recent
helium liquefier has smaller scale, longer operation life, and higher energy-saving
compared with those a decade ago. Small, convenient cryocoolers without liquid helium
have been put to practical use and developed into lower power consumption versions. A
unique small pulse tube refrigerator without moving pistons in the low temperature part
of the device is also coming into actual utilization and can easily achieve a low
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temperature of 10 ~ 20 K. Thus, the development of cooling technology has given an
impulse to superconducting applications.
A majority of current practical superconducting devices are still made of NbTi
and Nb3Sn superconductors, which have the low Tc values below 20 K and require the
use of liquid helium. However, current cooling devices with low electrical requirements
easily yield a low temperature near ~ 20 K. To reduce operating costs, the nextgeneration superconducting applications must eliminate the use of liquid cryogen bath
cooling. A metallic compound, magnesium diboride (MgB2), has been judged
potentially capable of meeting these needs due to its high Tc of ~39 K, the highest value
that has been reported for conventional metallic superconductors. Its superconductivity
was discovered by Jun Akimitsu’s group in 2001 [1]. The anisotropy, γ, of MgB2 is of
the order of 1.5  5 [2]-[3] and is lower than that for the highly anisotropic high
temperature superconductors (HTS) such as bismuth strontium calcium copper oxide
(BSCCO) and yttrium barium cooper oxide (YBCO). In addition, the zero-temperature
coherence length, ξ, estimated from the upper critical field (Bc2) of single-crystal MgB2
samples is ~9.4 nm [4], which is larger than the interatomic spacing. Thanks to its low
anisotropy and large coherence length, the weak link problem observed in HTS is not
severe in MgB2 [5]. The highest self-field critical current density (Jc) at 2 K for a pure
MgB2 thin film fabricated by hybrid physical-chemical vapour deposition (HPCVD)
reaches ~ 1.6 × 108 A/cm2 [6]. The intergranular Jc is higher for MgB2 than for HTS
materials. Alloyed MgB2 thin films show a high Bc2 value of ~ 60 T at absolute zero [7].
This binary compound also satisfies commercial conditions, namely, the abundance of
Mg and B raw materials and the simple fabrication method [8], which lead to great
promise of inexpensive manufacturing processes. Therefore, these important
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characteristics provide the conclusion that MgB2 superconductor is one of the most
promising materials for next-generation superconducting applications.

9

1.1.2 Crystal and Electrical Structure of MgB2
In 1953, the crystal structure of MgB2 was first identified by an X-ray diffraction
investigation using nickel-filtered Cu K radiation [9]. MgB2 possesses the simple AlB2
type structure, and its corresponding space group, crystal system, and Laue-symmetry
class are P6/mmm, hexagonal, and 6/mmm, respectively. The structure consists of
alternating layers of close-packed ionized Mg2+ atoms, which are separated by
honeycomb-type boron sheets, as shown in Figure 1.1 [10].

Figure 1.1 Crystal structure of pure MgB2 with no impurity phases or disorder viewed along the
c axis (top) and perpendicular to the a axis (bottom). Smaller and larger spheres are B atoms and
Mg atoms, respectively [10].

In the case of pure MgB2 samples without external forcing such as hydrostatic pressure,
the a-lattice parameter is estimated to range from ~ 3.083 to ~ 3.086 Å, with the
variation most likely to be due to disorder in the honeycomb lattice [9]-[12]. By
contrast, the c-lattice parameter shows nearly the same value of ~ 3.521 Å. This may
reflect the fact that in the case of close-packed hexagonal structure, the slip directions
10

are essentially

,

, and

in the ab plane, while expansion and contraction

along the c-axis direction hardly occurs. The fractional coordinates (x, y, z) for Mg and
B atoms are allocated to the 1a site of (0, 0, 0) and the 2d site of (1/3, 2/3, 1/2). The
observed site occupancies of Mg and B are ~ 0.95-1.00 and 1.0, respectively [11]-[13],
indicating that a tiny fraction of Mg sites may more easily become vacancies compared
with B sites. The atomic displacement parameters U of Mg and B atoms are observed to
be ~ 0.0049-0.0060 Å2 and ~ 0.0042-0.0080 Å2, respectively [11]-[13].
Band structure calculations on MgB2 suggest that the bands at the Fermi level
(EF) mainly originate from the orbitals of boron due to substantially ionized Mg, and
there are four conduction bands, namely, two σ bands delivered from the σ bonding
2s/2px,y orbitals and two π bands delivered from the π-bonding and the anti-bonding 2pz
orbitals [14], [15], as can be seen in Figure 1.2.

Figure1.2 The Fermi surface of MgB2 obtained from band structure calculations. Green and
blue two-dimensional cylinders are the σ bands. Blue and red three-dimensional tubular
networks are the π bands [15].
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The former bands are hole types and occur in two-dimensional (2D) cylindrical forms.
The latter bands are both hole type and electron type, and form three-dimensional (3D)
tubular networks. The σ states are localized and confined in the boron layers, while the
π states are delocalized in all directions. The σ bonds within boron sheets are strongly
covalent, whereas the bonds between these sheets show metallic behaviour, reflecting
the lack of covalent bonding. [16]. The 2D strongly covalent states and the 3D metallictype states mainly contribute to the total density of states (DOS) at the Fermi energy,
EF.
Calculations of both the band structure and the lattice dynamics for MgB2
indicate that there are four distinct phonon modes at the Brillouin zone center (Γ),
namely the A2u, B1g, E1u, and E2g modes [17], [18], as shown in Figure 1.3. The A2u
singly degenerate mode involves the vibration of Mg and B layers in opposite directions
along the c axis. The B1g singly degenerate mode is responsible for the vibrations of B
atoms in opposite directions along the c axis, with the Mg atoms stationary. On the
other hand, the others are doubly degenerate modes and involve only in-plane motions
along the x or y axis. For the E1u mode, the Mg and B layers move in opposite
directions. The E2g mode involves the vibration of the B ions in opposite directions,
with the Mg ions stationary. The E2g in-plane boron phonons show giant anharmonicity,
are strongly coupled to the σ bands, and thus change the 2s/2px,y orbital overlap. The
strong coupling between the holes of the σ bands and the E2g mode is responsible for the
high Tc in MgB2. The π band charge carriers also become superconducting and
contribute to unusual superconducting behaviour in MgB2 which is not observed in
conventional superconductors. Since the two properties of the σ bands are very similar
and those of the π bands are very similar, even through one π band is hole type and the
other is electron type, the electronic structure is usually simplified to one σ band and
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one π band. Therefore, MgB2 is known and described as a two-band superconductor
[19].

Figure 1.3 (a) The phonon density of states (DOS) for MgB2 obtained from inelastic neutron
scattering measurements (top curve) and the theoretical DOS (bottom curve). The inset figure
shows the unit cell of MgB2 along the Brillouin zone and the high-symmetry directions. (b)
Theoretical phonon dispersion curves along corresponding high-symmetry lines of the at the
Brillouin zone (left) and DOS vs. energy (right) [18].
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1.1.3 Two-band and Two-gap Superconductivity in MgB2

Two-band and two-gap MgB2 superconductor shows notably different physical
properties, in not only superconductivity, but also normal conductivity, from those of
single-band superconductors [20]-[22]. Related theoretical and experimental studies are
still being continued by many researchers due to controversial issues raised by different
results and unique phenomena that are not fully understood, even though it has been ten
years since the discovery of superconductivity in MgB2 [1]. However, this also provides
an opportunity for progress in physics, resulting in new theories which can not be
deduced from the nature of single-band superconductors.

1.1.3.1 Pairing Mechanism
In the year of discovery, the pairing mechanism in MgB2 was intensely
investigated from the isotope effect [23], [24], based on high resolution photoemission
spectroscopy (PES) [25], scanning tunnelling microscopy [26], and neutron scattering of
the phonon density of states [27]. Specifically, the measured Tc between Mg10B2 and
Mg11B2, and the boron isotope exponent B from -T and specific heat (Cp)-T
measurements were respectively observed to be 1.0 K and estimated to be 0.26 ± 0.03
[23], while the magnesium isotope effect observed in magnetization curves was
negligibly small [24]. This is because the superconductivity in this compound arises
from the metallic nature of the boron sheets [15]. The observed PES spectra near EF at
15 K below Tc was shifted by a few meV toward high binding energy relative to the EF,
and the curvature behaviour was well fitted to the simulation with the s-wave
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superconducting gap [25]. The estimated superconducting gap (Δ) and pair-breaking
strength (Γ) from the fitting between the experimental tunnelling conductance spectrum
at 4.2 K and the calculated conductance were 5 meV and 3 meV, respectively, reflecting
s-wave pairing symmetry [26]. A comparison of the bare phonon DOS for Mg10B2 and
Mg11B2 clearly shows the significant energy shifts in all the high frequency boron
modes [27], which are in agreement with the experimental results for the isotope effect
[23], [24]. The results obtained in these investigations lead us to the conclusion that
electrons form Cooper pairs via electron-phonon interaction in the superconducting
state, i.e., MgB2 is a conventional phonon-mediated Bardeen, Cooper, and Schrieffer
(BCS) superconductor.

1.1.3.2 Superconducting Gap
Although the pairing mechanism of the superconducting state in MgB2 was
immediately found to be the same as that in the low temperature superconductors (LTS)
such as Nb based metallic compounds, Nb3Sn, and NbTi, the unique phenomena of the
superconducting gap are most likely due to the multiple bands, which consist of the σ
band and the π band in the Fermi surface, as had gradually become clear from high
resolution PES [28], point-contact spectroscopy [29], the specific heat [30], [31], and
the high resolution radio frequency technique [32]. First, Tsuda et al. announced that the
superconducting-state spectrum measured at 5.4 K in polycrystalline MgB2 samples
shows a coherent peak with shoulder structure, in sharp contrast to that expected from a
simple isotopic-gap opening, implying spectroscopic evidence that MgB2 is multi-gap
[28], as can be seen in Figure 1.4. At about the same time, Szabo et al. observed that
point-contact spectra collected at 4.2 K in polycrystalline MgB2 samples reveal a two-
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gap structure, where the smaller-gap maxima are displayed at about 2.8 mV and the
large gap maxima at about 7 mV [29], as shown in Figure 1.5.

Figure 1.4 High-resolution photoemission spectra of MgB2 at 5.4 K (open circles connected
with a solid line) and 45 K (open squares connected with a solid line) with a He I resonance
line (21.2182 eV). The inset shows an expanded spectrum at 5.4 K in the vicinity of EF. Please
note that the spectrum has a peak with a shoulder structure, as is emphasized with an arrow,
which indicates a non-simple isotropic gap [28].

However, the observed temperature dependence of the smaller gap could not
exist in the classical BCS theory, while that of the larger-gap shows ordinary BCS
behaviour. In addition, high sensitivity to the surface state of samples in both the PES
and the point-contact spectroscopy measurements and the difficulty in synthesizing
high-purity polycrystalline samples made it impossible to determine if MgB2 is a twogap superconductor or not. Finally, from the results on the specific heat in
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polycrystalline MgB2 samples [30], [31], the coexistence of two superconducting gaps
in MgB2 was confirmed. The observed temperature dependence of the specific heat is
conspicuously different from that of any other superconductors with a single energy gap
[30]. The unique behaviour was well fitted by the calculated curve associated with two
energy gaps. The estimated second energy gap was found to be about 3~4 times smaller
than the other gap. These results are also supported by the temperature dependence of
the London penetration depth (λ) measured in both single crystal and polycrystalline
MgB2 samples [32]. The behaviour of the superfluid density calculated from the λ(T)
and the absolute value λ(0) was found to be well explained by the two-gap model
obtained from the specific heat experiment [30]. We can therefore conclude that
although the pairing mechanism in MgB2 is based on phonon-electron interaction, the
superconducting gap structure is far from that seen in conventional BCS
superconductors, i.e., MgB2 is a two-gap superconductor.
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Figure 1.5 Point-contact Cu-MgB2 spectra at 4.2 K. The solid lines denote experimentally
observed data. The dotted lines denote fitting results for the thermally smeared Blonder,
Tinkham, and Klapwijk (BTK) model with a smaller superconducting gap ∆S = 2.8 ± 0.1 meV
and a larger superconducting gap ∆L = 6.8 ± 0.3 meV [29].

1.1.3.3 The First Two-gap Superconductor
The first theoretical idea of two-gap superconductivity using the BCS theory
was reported by Suhl et al. in 1959 [33]. The unique situation of the two-gap structure
was considered in the case of transition metals where both the s and the d bands exist at
the Fermi surface, reflecting different order parameters and an enhancement of Tc. Since
then, the two-gap and two-band model in superconductors has been theoretically
discussed [34]-[39]. In 1980, Nb-doped SrTiO3 provided the first experimental evidence
from tunnelling conductance measurements, showing the concomitant appearance of a
double peak shape that was likely due to two superconducting gaps [40]. In 1998,
YNi2B2C also experimentally exhibited a sizable positive curvature of Bc2 at high and
intermediate temperature, which may imply the existence of two superconducting gaps
[41]. However, these experimental results were not sufficient to determine if these
compounds were two-gap superconductors or not. As a result, MgB2 was theoretically
and experimentally identified as the first superconductor where two superconducting
gaps clearly exist.

1.1.2.4 The Origin of Two Superconducting Gaps
While the coexistence of two superconducting gaps in MgB2 became evident
from PES spectroscopy, point-contact spectroscopy, specific heat, and the high
resolution radio frequency technique [28]-[32], it was difficult to associate the two gaps
with particular band systems. This is because these experiments could not distinguish
the σ band from the π band. To clarify the two-gap issue, Raman scattering spectra were
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first collected from a single crystal MgB2 sample [42], [43], as shown in Figure 1.6. The
distinct and sharp pair-breaking peak at just over the Raman shift of 100 cm-1 was
observed only at 15 K in the intensity of xx polarization, and the gap magnitude is
consistent with the values of the larger gap obtained from point-contact spectroscopy
[29] and the specific heat [30], suggesting that the larger gap is responsible for cleanlimit superconductivity in the σ band. In contrast, the intensity of zz polarization at 15 K
showed a shoulder at around the Raman shift of 30 cm-1 and no shape coherence peak
due to the breaking of Cooper pairs. This kind of behaviour can be well explained
theoretically, as due to the effects of dirty-limit superconductivity on Raman spectra,
under the condition that the impurity scattering rate (Γ) is considerably larger than the
superconducting gap [44]. Only π band scattering can be observed under this condition
in Raman spectra, and thus the smaller dirty-limit superconducting gap was found to be
attributable to the π band.

Figure 1.6 Raman spectra at 40 and 15 K for three different polarization conditions, namely A1g
(zz) , A1g + E2g (xx), and E1g (xz) from the ac face of a single crystal of MgB2 [43].
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Additional direct experimental evidence was provided by separately observing the
superconducting gaps of the σ and the π bands, as well as the surface band, using highresolution angle-resolved photoemission spectroscopy (ARPES) [45], [46]. The
observed ARPES spectra near EF of MgB2 at 17 K and 45 K on each band make it clear
that the σ and surface bands have a large gap of 6-7 meV whereas the π band shows a
small gap of 1-2 meV [46], as can be seen in Figure 1.7.

Figure 1.7 Temperature dependent ARPES spectra near EF of MgB2 at 17 K and 45 K of the σ
and the π bands, and the surface band [46].

20

Although these ARPES results proved the origin of multiple superconducting gaps in
MgB2, the magnitude of the electron-phonon coupling constant on each band was not
experimentally estimated. This is because ARPES cannot provide the detailed
information on the four Fermi surface areas and the corresponding quasi-particle
effective masses. The de Haas-van Alphen effect, in which the magnetic moment of a
sample oscillates under a high magnetic field, allows these measurements. From the
ratio of band masses and quasi-particle effective masses obtained from the effects in
magnetic fields up to 32 T, it was found that the electron-phonon coupling constant of
the σ band is about 3 times larger than that of the π band [47]. This fact is the reason the
magnitude difference between two superconducting gaps is about 3 times.

1.1.3.5 Resistivity in the Normal State and Tc
The unique two-band and two-gap structure also has an influence on the
resistivity behaviour in the normal state. In the year of discovery, it became well known
that the residual resistivity ratio (RRR) was independent of Tc in polycrystalline MgB2
samples. Specifically, many MgB2 samples showed widely different RRR values
despite having similar Tc values around ~ 39 K [48]. In the case of the high Tc, the
disorder effects on it [49] due to poor crystallinity and lattice strain can be negligible,
and thus, the RRR value calculated from the residual resistivity was thought to depend
on impurity contamination in a sample. This indicates that lower RRR is caused by a
larger amount of impurity phase, even though it should be noted that the residual
resistivity is partially attributable to extrinsic effects such as lack of connectivity
associated with cracks, voids, and low mass density [50]. In the case of the two-gap
superconductivity model [51], non-magnetic impurities may contribute to pair breaking,
which is similar to the effects of magnetic impurities in a conventional s-wave
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superconductor. Thus, it was difficult to theoretically understand the observed unclear
correlation between the RRR and the Tc. Regarding this issue, Mazin et al. clearly
explained the mechanism by pointing out the very weak impurity scattering between the
σ and the π bands compared with the intraband impurity scattering between the σσ and
ππ sub-bands, due to the particular electronic structure in MgB2 [52]. It was also found
that the ππ scattering rate is larger than the σσ scattering rate. In addition, they indicated
that the Tc is given by the maximum eigenvalue of the superconducting coupling
constant λ for the σπ and the πσ interband coupling, and the σσ and ππ intraband
coupling, while the conductivity is the sum of all the conducting channels responsible
for the interband and intraband couplings. The estimated λ for the σσ intraband coupling
showed the highest value, suggesting that the Tc is affected by the σ band. These results
provide the conclusion that because impurities have a stronger effect on the scattering
rate of the π band in preference to the σ band, and thus the residual resistivity, they may
not contribute to the interband scattering and Tc.

1.1.3.6 Lattice Disorder and Tc
The intraband and the interband coupling, as well as the density of state and the
E2g phonon mode sensitivity to a change of lattice constants and lattice volume, have all
been found to play an important role in the Tc of MgB2 [49], [53]. Specifically, in
contrast to the above-mentioned scenario of impurity effects, any kind of disorder in the
crystal lattice associated with strain, vacancy, dislocation, and stacking faults may
increase the residual resistivity and decrease Tc in not only a conventional BCS
superconductor, but also MgB2 superconductor. This kind of trend was experimentally
observed in single crystal MgB2 samples [49]. The relationship between lattice effects
and Tc was theoretically explained using density functional theory [54] and the Allen-
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Dynes modified McMillan formula [55] by Zheng et al. [53]. They noted that a change
in Tc as a function of lattice disorder is mainly determined by the relative change of the
phonon frequency, the electron-phonon coupling strength, and the Coulomb pseudopotential. The change in the last two factors, apart from the phonon frequency, is
responsible for the relative change in the DOS and deformation potential associated
with a stretching mode for a bond between atoms. In the case of MgB2, the Tc is
dominated by the E2g phonon frequency, the DOS of the σ band at the EF, and the
deformation potential for the stretching mode of the boron-boron bond. Specifically,
lattice disorder caused by in-plane compressive strain decreases the lattice parameters,
in particular the a-axis one, reduces the lattice volume, decreases the DOS, hardens the
E2g phonons, and thus decreases Tc. This is in excellent agreement with the experimental
results on the hydrostatic pressure effects on lattice parameters and Tc in MgB2 [56].

1.1.3.7 Bc2 Behaviour
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Figure 1.8 Bc2(T) curves parallel to the ab plane and the c axis of MgB2 single crystal. The BCS
curves are fitted to the experimental Bc2 curve near Tc. The inset shows Bc2(T) curves near Tc
[57].

The upper critical field behaviour of MgB2 was also found to be very different
from that of a conventional BCS superconductor with a single-band structure. A unique
upward curvature of Bc2(T) parallel to the ab plane near Tc was observed in single
crystal MgB2 samples [57], [58], as can be seen in Figure 1.8. This upward curvature
can be well explained using the Ginzburg-Landau theory, suggesting that the Bc2 is
determined by the Ginzburg-Landau parameter and the condensation energy [49]. In the
case of MgB2, which has the two-band structure, the total condensation energy depends
on the sum of all the energies arising from the σ band, the π band, and the interaction
between the two bands [59]. These condensation energies in the temperature range from
absolute zero to Tc show different behaviour from each other. In particular, the
contribution of the π band to the total condensation energy at 0 T in temperatures above
30 K rapidly increases, while that below 30 K is negligible, as shown in Figure 1.9.
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Figure 1.9 Contribution of the π band to the total condensation energy Ec at zero field for Bc2.
The Ec consists of the contributions of both bands (Ec,σ, Ec,π) plus the interaction energy of Ec,σπ
[49].

This is the reason the Bc2(T) of MgB2 shows a positive curvature near Tc. The unique
slope can make the zero-temperature Bc2(0) significantly higher than that estimated from
a single-gap dirty superconductor model [60]. This important characteristic
demonstrates that MgB2 materials are suitable for superconducting applications.
In addition, an interesting scenario relating to Bc2(T) for dirty two-gap
superconductors was pointed out by Gurevich [61]. It is assumed that MgB2 can be
identified as a simple bilayer sample where two thin films corresponding to the σ and π
bands are separated by a Josephson contact, which reflects the weak interband coupling
in MgB2. From the two-gap dirty-limit theory for the BCS matrix constants [62], the
temperature dependence of Bc2 is mostly determined by whether the σ film or the π film
is dirtier. Provided that the π film is much dirtier than the σ film, the global Bc2(T) of the
bilayer at higher temperature is mainly controlled by the σ film with the higher Bc2,
while the π film takes over at lower temperatures. This leads to a considerable upturn in
the global Bc2 curve at low temperatures, which can not be estimated from a single-gap
dirty-limit superconductor, as shown in Figure 1.10. This interesting scenario for Bc2 at
low temperatures delivered from the simple bilayer model is indirectly demonstrated by
experimentally observed Bc2 curves for alloyed MgB2 thin films [7], [63]. Specifically,
an anomalous upward curvature of Bc2(T) at low temperatures observed in a carbonalloyed thin film provides a record high value of Bc2(4.2K) = 51 T parallel to the ab
plane. The extrapolation of the Bc2(T) curve to T = 0 K may reach over ~ 60 T,
approaching the paramagnetic limit of 65 T which is calculated from the conventional
BCS theory [64]. This value is significantly higher than those for NbTi and Nb3Sn
superconductors, which are widely used in superconducting applications now.
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Moreover, Gurevich pointed out that given the case of electron-phonon coupling, the
paramagnetic limit of MgB2 is estimated to be ~ 130 T [61]. This means that there is
still large room for a further increase in Bc2 from optimum dirty conditions of the
intraband and the interband behaviour. Therefore, we can extract a conclusion that the
two-gap superconductor MgB2 is potentially capable of meeting the needs of nextgeneration superconducting applications in higher operating temperatures and fields,
which can not be reached via the use of Nb-based superconducting materials.

Figure 1.10 Global Bc2 curve (solid line) for dirty MgB2 superconductor illustrated by a simple
bilayer model where two thin films corresponding to the σ and π bands are separated by a
Josephson contact, as shown in the inset. The dashed lines denote Bc2 curves calculated for the σ
and π films in the single-gap dirty limit [61].
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1.1.4 Fabrication Method of MgB2 Bulks and Wires
Magnesium (Mg) and boron (B) show the low melting point of 650 ºC and the
high melting point of 2092 ºC, respectively. Despite the large difference in the solidliquid transition temperature between both elements, MgB2 polycrystals can be formed
in a wide range from 550 ºC to 1100 ºC [65]-[67]. Therefore, since the discovery of
superconductivity in MgB2 [1], various fabrication methods for bulks and wires have
been reported for superconducting application [65]-[94], [96]-[104].

1.1.4.1 In Situ Powder-in-Tube Method
The in situ powder-in-tube (PIT) method is one of the most popular methods for
fabricating MgB2 conductors due to its simple fabrication procedure. In this method, a
metallic sheath is filled with a mixture of Mg and B powders, and is then rolled down to
the desirable geometry and sintered at a relevant temperature for the formation of MgB2.
The sheath material for superconducting wires is generally required to have high
electrical and thermal conductivity, as well as ductility. Copper (Cu) metal is a
representative material meeting all these requirements, and its attractive characteristics
have yielded many studies of monofilament MgB2/Cu wires [68]-[74]. However, as a
result of these studies, the conductor was found to have a serious disadvantage for
MgB2 formation [74]. Figure 1.11 shows scanning electron microscope (SEM) images
and energy dispersive spectroscopy (EDS) elemental maps of boundary areas between
sheaths and cores for green and sintered MgB2/Cu wires with different diameters. The
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EDS maps and spectra of the green wire exhibit a clear separation of Cu and Mg
elements and a distinct boundary between both phases. This indicates that Cu element in
the sheath does not diffuse into the core containing the Mg and B mixture during the
deformation due to rolling down to the form of a wire. By contrast, the sintered wires
were distinctly observed to have Cu phase inside the cores. This suggests that Cu
element easily diffuses into the core in a heat-treatment process for the formation of
MgB2.

Figure 1.11 SEM images and EDS elemental maps of boundary areas between Cu sheaths and
cores for (a) a green wire 2.5 mm in diameter, (b) a sintered wire 2.5 mm in diameter, and (c) a
sintered wire 0.93 mm in diameter. The top panel shows the SEM image, in which the distinct
white large domain at the left side in each figure is the image the Cu sheath. The middle and
bottom panels show Cu and Mg elemental distribution maps and EDS spectra delivered from
line scanning along the white dotted lines in the SEM images [74].
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Figure 1.12 shows X-ray diffraction (XRD) patterns for cores of sintered MgB2/Cu
wires with different diameters. It was found that cores of sintered wires consist of not
only MgB2 phase, but also impurity phases of Cu, Cu2Mg, and Mg2Cu. This is
consistent with the result of EDS elemental maps and spectra for sintered wires. The
formation of Cu-Mg compounds leads to a decrease of the generated amount of MgB2
and a degradation of critical current (Ic). Thus, monofilament MgB2/Cu wires are found
to be unsuitable for superconducting application.

Figure 1.12 XRD θ-2θ scans for MgB2 /Cu wires sintered at 550-700 ºC for 1hour. The left and
right panels show XRD patterns for sintered wires with different diameters of 2.5 mm and 0.93
mm, respectively [74].
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On the other hand, much attention has been given to iron (Fe) sheath for MgB2
conductors from the year of discovery, because this metal is un-reactive with Mg and B
below the sintering temperature of 900 ºC [65]. The Jc in high fields is found to strongly
depend on the sintering temperature [65] [75]. Specifically, the Jc value at 4.2 K and 10
T for round, monofilament un-doped MgB2/Fe wires is rapidly enhanced with
decreasing sintering temperature form 1100 ºC to 650 ºC [75]. The reason is that lower
sintering temperature yields poor crystallinity and smaller crystal grains of MgB2. The
characteristics of MgB2 grains can be estimated from XRD θ-2θ scans, Tc
measurements, and microstructural observation using transmission electron microscopy
(TEM) and SEM. The a- and c-lattice parameters obtained from Rietveld refinements of
XRD data are independent of sintering temperature [65]. This indicates that the unit cell
volume is not sensitive to sintering temperature. In contrast, full width at half maximum
(FWHM) values of MgB2 (110) peaks observed in XRD patterns and transport Tc values
exhibit strong correlation with sintering temperature, as can be seen in Figure 1.13 [65].
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Figure 1.13 Tc and FWHM of the (110) peak against sintering temperature in the case of undoped MgB2/Fe wires [65].

The FWHM value monotonically decreases with increasing sintering temperature from
650 ºC to 900 ºC, while the Tc value shows the opposite trend to the FWHM behaviour.
The change in both values is related to crystallinity and suggests that lower sintering
temperature leads to higher level of disorder in the crystal lattice that is associated with
distortion, atomic vacancies and dislocations. This is also supported by the results of
Rietveld refinement of XRD data to determine lattice strain against sintering
temperature for un-doped MgB2 samples, despite the lack of any significant change in
the lattice parameters [75], [76]. Moreover, TEM observations on un-doped MgB2
polycrystals with a low Tc value of 37.2 K show that dislocations are the predominant
defects in MgB2 [77], which lead to lattice disorder and a decrease in Tc compared with
MgB2 samples with perfect crystal structure. The introduction of lattice disorder
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decreases Tc, increases scattering of charge carriers, reduces the mean free path, and
thereby enhances the Bc2 [78]. The enhancement of Bc2 may result in the improvement
of Jc at high fields. The grain size of MgB2 is also found to be strongly dependent on the
sintering temperature [75]. The average crystallite/sub-grain size estimated from the
Rietveld refinement of XRD data is increased from ~50 nm to ~1000 nm as the sintering
temperature increases from 650 ºC to 1000 ºC. This trend is in good agreement with the
results of SEM observation. Grain boundary pinning related to grain size, as in NbTi
and Nb3Sn, is known to be one of the most dominant pinning mechanism in MgB2
materials [79], [80], and smaller grain size may improve the pinning and enhance the Jc
in high fields. Thus, the transport Jc at 4.2 K and 10 T for un-doped monofilament
MgB2/Fe wire sintered at the low sintering temperature of 650 ºC reaches 4.2 × 103
A/cm2 due to its poor crystallinity and small grain size [65], [75]. However, the
transport Jc is found to be limited by poor grain connectivity associated with voids
caused by sintering processes using mixtures of Mg and B powders [75], [81], [82].
Because the theoretical volume of the mixture (VMg + V2B) is larger than the volume of
the reacted MgB2, in situ PIT methods yield porous structure in MgB2 cores which have
only half the theoretical density. Figure 1.14 shows SEM images of the polished core
surface for MgB2/Fe wires sintered under different sintering conditions [75].
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Figure 1.14 SEM images of the polished core surface for MgB2/Fe wires sintered at (a) 650 ºC
for 30 minutes and (b) 800 ºC for 30 minutes [75].

It was found that MgB2 cores have a numerous voids, which show various forms in
different sizes. This is because Mg diffuses into B to form MgB2. The porosity
significantly reduces the supercurrent-carrying area and the Jc for MgB2 materials [81].
Recently, cold high pressure densification has been proposed by Flukiger et al. to
decrease voids in MgB2 cores [83]. The technique provides a powerful means of
enhancing the mass density of reacted MgB2 cores up to ~ 70 % of the theoretical
density. As a result, the Jc at 4.2 K and 10 T for MgB2/Fe wires densified at 1.85 GPa is
increased by ~53% with respect to the wire without the applied pressure. Thus,
densification for increasing supercurrent-carrying areas is one of the most important key
issues for further enhancement of Jc in MgB2 materials.
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1.1.4.2 Ex Situ Powder-in-Tube Method
The ex situ PIT method is known to be more suitable for fabricating highly
dense MgB2 core compared with in situ PIT methods. In this method, a metallic sheath
is filled with fully reacted MgB2 powder and rolled down to the desirable geometry. The
obtained conductors can carry supercurrent flow without heat-treatments [84]. However,
the Jc for the ex situ processed conductors usually shows lower values than that for the
in situ ones. This is because thin MgO layers adhere to the surface of commercial MgB2
powder and may impede supercurrent flow [85]. For this reason, many researchers have
preferred to use in situ PIT methods rather than ex situ. Good quality starting MgB2
powder and high connectivity between grains in cores are the most important factors in
the ex situ process to improve the Jc. MgO impurity in starting MgB2 powders can be
removed via chemical treatments using acid solution [86]. Mg addition to commercial
MgB2 powders and subsequent heat-treatment promotes recrystallization of MgB2 and
elimination of weak links between grains [87]. As a result, in both cases, the Jc values
for the ex situ processed conductors are significantly increased due to improvement of
intergrain connectivity. An interesting technique for fabricating MgB2 tape was also
proposed by Nakane et al. [88]. The ex situ processed tape was prepared from
homogeneous MgB2 powder, which was obtained via the in situ PIT method. The grain
size homogeneity led to good connectivity between grains and a high Jc value of ~ 6.0 ×
103 A/cm2 at 4.2 K and 10 T which is comparable to the value observed in in situ PIT
processed conductors. Thus, it has been found that not only higher mass density, but
also higher intergrain connectivity in MgB2 materials are essential for the improvement
of Jc.
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1.1.4.3 Hot Pressing Method
Hot pressing methods such as uniaxial hot pressing (UHP) and hot isostatic
pressing (HIP) have also been used to manufacture dense MgB2 materials [89]-[93].
These techniques offer the advantage of obtaining a highly dense MgB2 that is close to
the theoretical density of 2.625 g/cm3. Specifically, HIP treated MgB2 bulks [89] and
the HIP treated MgB2 tapes [90] shows mass densities of ~2.56 g/cm3 and ~2.55 g/cm3,
respectively. The Jc values at 20 K and 4 T for un-doped MgB2 bulks synthesized at 2
GPa and 750-900 ºC reach ~ 1.0 × 104 A/cm2 [91]. Moreover the combination of HIP
and ex situ PIT methods yields not only core densification, but also a large amount of
crystallite defects, including small-angle twisting, tilting, and bending boundaries in
MgB2 wires [92], [93]. There, defects may act as electron scattering centres for
enhancing Bc2, resulting in higher Jc at high fields compared with MgB2 wires sintered
at ambient pressure. Thereby, the hot pressing method is found to be effective for
eliminating the porous structure of MgB2 materials.

1.1.3.4 Diffusion Method
Mg diffusion into a B matrix for fabricating dense MgB2 materials was
suggested by Canfield et al. [94] and Kang et al. [95] around the same time, soon after
the discovery of superconductivity in MgB2. Canfield et al. successfully fabricated the
first MgB2 wire using the Mg diffusion method [94]. The specific technique was to
expose boron filaments to Mg vapour or liquid at 950 ºC for 2 hours. The obtained
conductor showed a very low residual resistivity of ~ 0.38 cm and a high density
above 80 % of theoretical. Even now, MgB2 conductors prepared by in situ or ex situ
PIT methods do not reach either value. On the other hand, Kang et al. first made highquality MgB2 thin films via a similar method [95]. Their successful technique was to
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deposit amorphous B thin films and sinter them in Mg vapor at 950 ºC for 10-30
minutes. The self-field Jc at 5 K for the obtained film showed a high value of ~ 6.0 ×
106 A/cm2 and a low residual resistivity of ~ 2.0 cm, which was likely due to its
highly dense structure. Thus, the Mg diffusion method was found to yield higher mass
density of MgB2 matrix in materials compared with in situ PIT, and it has been
modified by many researchers for further enhancement of Jc and real applications of
various materials since it was first discovered [94]-[104].
For the synthesis of dense MgB2 bulks, the reactive liquid Mg infiltration (RLI)
technique was proposed by Giunchi et al. [96]-[98]. The method has the advantage that
desired forms can be fabricated on a large scale and in an inexpensive way without hot
pressing methods. The following is a brief procedure of the fabrication method. First,
compacted B powders in contact with an appropriate amount of Mg bulk pieces are
inserted into steel containers with desirable shapes. The containers are arc-welded in Ar
atmosphere using a high temperature resistant technique and then sintered at 750-950
ºC. After sintering, the MgB2 bulks are obtained by removal of the containers. The
various shaped MgB2 manufactured products are shown in Figure 1.15. The mass
density for the obtained samples was ~ 2.40 g/cm3, and the transport Jc values at 4.2 K
and 10 T reached 3.0 × 103 A/cm2. Moreover, the RLI technique in combination with in
situ PIT methods can be applied to the fabrication of monofilament and multifilament
MgB2 hollow wires [99], [100]. Figure 1.16 shows optical images of cross-sections for a
green 7-filament wire and a sintered wire prepared by the combined technique [99]. It is
found that holes were formed in the sintered wire due to Mg diffusion into the B matrix.
The formed MgB2 core was observed to have highly dense structure from SEM
observation.
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Figure 1.15 Different shaped MgB2 products manufactured by the RLI technique: (a)
cylindrical pellet, (b) large flat rings, and (c) hollow cylindrical pellet [96]-[98].

To improve the self-field Jc in MgB2 bulks, the powder-in-closed-tube (PICT)diffusion method was suggested by Ueda et al. [101]. The bulks were prepared by the
following procedure. The starting Mg and B powders in appropriate amounts were
separately packed into a stainless steel tube. The tube was deformed into a tape-shaped
sample and both ends were sealed by bending and pressing. The samples were vacuumsealed in a silicon dioxide (SiO2) tube and then sintered at 800-900 ºC. The obtained
sample sintered at 800 ºC for 60 hours exhibits well-connected small grains with sizes
of 30-100 nm. The mass density is above 95 % of the theoretical density, and the selffield Jc value at 20 K reaches ~ 8.6 × 105 A/cm2 due to its good connectivity, as can
been seen in Figure 1.17.
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Figure 1.16 Optical images of cross-sections for a green 7-filament wire (left) and a sintered
one (right) prepared by the RLI technique in combination with in situ PIT method. S.S. denotes
soft steel [99].

Figure 1.17 Magnetic field dependence of Jc at 20 K for MgB2 bulks prepared by the PICTdiffusion method. PD-800, PD-850, and PD-900 were sintered at 800 ºC, 850 ºC, and 900 ºC,
respectively. For reference, the Jc at 20 K for P-600 sintered at 600 ºC using the PICT method
starting from powder mixture of magnesium and boron was also added to this figure [101].

To achieve much less MgO phase, as well as highly dense structure in MgB2
conductors, an interface diffusion process was proposed by Togano et al. [102]. The
conductors were fabricated from an interface diffusive reaction between an Fe-Mg alloy
substrate and B at 950 ºC for 12 hours. The obtained MgB2 layer was observed to be
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composed of densely packed equi-axial grains of submicron size and without oxygen
contamination. This group also suggested an internal Mg diffusion (IMD) process for
further enhancement of Jc in MgB2 wires [103], [104]. The following is a brief
procedure of the fabrication process. First, a pure Mg rod is put into the centre of an Fe
tube, and boron powder is packed into the space between the rod and the tube. The
composite is cold- rolled and drawn into a wire. The wire is cut to the desired length and
then sintered at 650-800 ºC. The Jc value at 4.2 K and 10 T for the obtained pure MgB2
wire reaches ~ 2.0 × 103 A/cm2. Therefore, the Mg diffusion method has proven useful
for fabricating highly dense MgB2 bulks and wires.

1.1.5 Chemical Doping
Since the discovery of superconductivity in MgB2 [1], many doping materials
have been tested to induce effective pinning centres in the MgB2 matrix, which may
contribute to the enhancement of Jc in magnetic fields. This was tried because pure
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MgB2 bulks showed rapid degradation of Jc in field due to their weak pinning. First,
Dou et al. demonstrated that doping MgB2 with silicon carbide (SiC) nanoparticle
powder significantly improves the transport and magnetic Jc, the irreversibility field
(Birr), and Bc2 [105]-[107]. Numerous researchers focused on the impressive results and
then started to do many studies related to C-containing dopants for real superconducting
application. Even now, SiC is still one of the most effective dopants for MgB2 materials.
Specifically, Bc2 values near 0 K for the SiC added MgB2 wires fabricated by the in situ
method [108] and coated-conductors on SiC fibers prepared form HPCVD [109] were
33 T and 55 T, respectively. These values are much higher than those of NbTi and
Nb3Sn. The transport Jc values at 4.2 K and 10 T for 19-filament SiC-doped MgB2 wires
made from IMD processes reach ~ 1.0 × 105 A/cm2 [110]. Similar doping materials,
nano-carbon [111], [112], carbon nanotubes [113], [114], and boron carbide [115],
[116] were also found to effectively improve the Jc in field in MgB2 materials. Thus, it
has been found that the carbon element is indispensable for superconducting application
of MgB2.
From structural analysis of C doped MgB2 single crystals [13], [117], the alattice parameter was observed to decrease drastically due to such doping effects. The
lattice shrinkage is most likely due to C substitution at B sites and to the difference in
atomic radius between these two atoms, which may yield substitutional defects in the
crystal lattice. This is because the C replacement effect accumulates in the B layer, and
line defects associated with dislocations may form when the accumulated strain exceeds
the critical value. The existence of lattice defects in C-doped MgB2 samples has been
proven by experimental results and theoretical calculations [13], [118]-[122].
Specifically, the considerable increase in the atomic displacement parameter at the Mg
and B sites in C-doped single crystals reflects the enhancement of lattice disorder [13].
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The reason reliability factors for Rietveld refinements in C-doped samples show high
values compared with those for pure samples may be explained by the presence of local
disorder in the lattice, which can not be described using conventional refined parameters
[13], [118], [119]. The C-doped thin films deposited by HPCVD, which shows a high
Bc2 at 0 K value of 70 T, are found to have intensive structural disorder caused by
dislocations [120]. In the case of SiC-doped tapes showing relatively low mass density
compared with films, the MgB2 grains are also found to show a large amount of interior
contrast generated by intragrain defects that are likely due to lattice disorder [121]. In
addition, the relationship between lattice change and not only substitutional, but also
interstitial defects in C-doped bulks and films can be theoretically explained by Vienna
ab initio calculations [122]. Thus, in C-doped MgB2 materials, the reduced unit cell
volume caused by the lattice shrinkage leads to a decrease in the DOS at the EF and
lattice disorder effects, which result in increasing scattering of charge carriers, reducing
the mean free path, and thereby enhancing Bc2 and Jc [13], [20], [49], [78], [120].
However, in the case of inorganic doping materials, high temperature reaction is
usually required to effectively incorporate the C element into the MgB2 matrix due to its
high melting points or its high decomposition temperature. These sintering conditions
generally offer the disadvantage of grain growth associated with weak grain boundary
pinning, because this pinning mechanism is also known to be effective in MgB2
materials [79], [80]. To address the problem, organic compounds as C doping materials
with relatively low decomposition temperatures have been intensively studied from
around 2006 [123]-[131]. One of the best known organic dopants that has been
suggested to date is malic acid (C4H6O5) [123], [124]. The advantage is that the
carbohydrate melts and decomposes at a low temperature below the formation
temperature of MgB2. The decomposition produces highly reactive and fresh C on the
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atomic scale for C substitution on B site in the lattice. Due to these excellent
characteristics, the a-lattice parameter decreases even under low temperature sintering
conditions, and grain growth is suppressed, resulting in considerable enhancement of Jc
and Bc2. Specifically, the Jc value at 4.2 K and 6 T for in situ processed C4H6O5-doped
MgB2 wires exceeds 1.0 × 105 A/cm2, which is comparable to that for commercial NbTi
wires [125]. The application of cold high pressure densification to those MgB2 wires
yielded a high Jc value of 4.0 × 104 A/cm2 at 4.2 K and 10 T, which is the record value
among conventional in situ processed MgB2 wires [126]. Other carbohydrates or
hydrocarbons, namely, benzene (C6H6) [127], maleic anhydrite (C4H2O3) [128], pyrene
(C16H10) [129], glycerin (C3H8O3) [130], and adipic acid (C6H10O4) [131] were also
found to be effective doping materials for improving the in-field Jc of MgB2 bulks and
wires. We can therefore extract the conclusion that not only inorganic, but also organic
C doping materials can have a strong impact on the improvement of Bc2 and Jc for MgB2
application.

1.1.6 Existing Problems in MgB2 Application
MgB2 has its simple crystal structure [9], high Tc [1], low anisotropy [2], large
coherence length [4], and high Bc2 [7], as stated above. Thanks to these advantages,
MgB2 has been judged potentially capable of meeting the conditions for the next
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generation of superconducting applications. Specifically, a MRI prototype based on
MgB2 conductors that can operate without the use of cryogen has been developed and
proven to be a useful system for obtaining MRI images [132], [133]. However, the Jc of
MgB2 materials still needs to be further improved for high magnetic field application.
For example, the Jc values at 4.2 K and 10 T for MgB2 conductors [125], [126] are still
much lower than those of Nb3Sn wires [134], despite the large difference in Tc values
between both metallic compounds. Moreover, the self-field Jc values observed in bulks
and wires are less than 106 A/cm2 [66], [82], [116], although the depairing current
density of MgB2 can be estimated to be ~ 2.0 ×108 A/cm2 [135]. One of the main
reasons for this is that MgB2 bulks and wires prepared by an in situ process usually
show high porosity due to the difference in theoretical volume between the mixture of
Mg and B and reacted MgB2 [75], [81], [82]. The highly porous structure may reduce
the mass density, supercurrent-carrying area, and thereby Jc. Thus, it is essential to
study densification in MgB2 materials for enhancement of Jc.
In contrast to a conventional method such as the in situ PIT process, the hot
pressing [89]-[93] and Mg diffusion methods [94]-[104] seem to be effective for
densification of MgB2 material, because both methods can yield highly dense MgB2
bulks and wires which show nearly the theoretical density of MgB2. However, the
former method has some limitations in terms of dimensions of final product, due to the
practical difficulty in the use of very large vessels, when high pressures and high
temperatures are involved. The latter method also usually requires heat-treatment at
high temperatures from 700 ºC to 1100 ºC for a full reaction of Mg and B. The hightemperature reaction easily yields well crystallized MgB2 grains and causes grain
growth. Better ordering and larger grains may lead to lower in-field Jc due to the lack of
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pinning centres such as defects and grain boundary. Therefore, it is necessary to control
not only densification, but also disorder and grain size.
In addition, much less work has been done to evaluate the influence of core
densification through the use of hot and cold pressing on transport Jc for in situ
processed conductors. Specifically, much has been reported about hot-pressing effects
on MgB2 materials, but almost all of them showed magnetic Jc in bulks or transport Jc in
ex situ processed conductors [91], [92], [136]-[143]. Although hot pressing seems to be
unsuitable for application of long-length wires, there is a need to evaluate the effects of
core densification on transport Jc for in situ processed conductors, and it would be
useful information to understand the mechanism behind enhancement of transport Jc.
The other issue for enhancing in-field Jc is homogeneous C incorporation into MgB2
materials. Although a mixing method with solid powders of C or its related compounds
in sample preparation has been usually employed to incorporate C particles into the
MgB2 matrix for the enhancement of Jc, increased impurity phases from un-decomposed
C compounds and C agglomeration in grain boundaries caused by difficulties in
homogeneous solid mixing yield weaker connectivity between MgB2 grains and lower
MgB2 mass density compared to those of the un-doped sample. This leads to a decrease
in the low-field Jc and thereby limits further improvement of high-field Jc.
The chemical solution route using organic C compounds seems to be a possible
solution for this problem [123]. In particular, this approach, through the use of malic
acid, provides a powerful mean of distributing carbohydrate in the solvent state to the
starting materials, resulting in relatively homogeneous mixing compared with solid C
doping methods. However, even though the starting boron powder prepared from the
chemical solution route is encapsulated in a thin C layer, un-reacted C agglomerations
still remain on grain boundaries in the form of residues. Therefore, an alternative C
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doping technique is required to effectively place all of the starting amount of C content
in the dopant at the substitutional sites and homogeneously incorporate it into the grain
interiors.
The control of the secondary phase, i.e., MgO, is also one of issues for the
enhancement of in-field Jc. This is because the impurity phase essentially impedes
supercurrent flow between grains. However, it has been reported that MgO precipitates
in MgB2 thin films can act as pinning centres for enhancement of Jc in magnetic field
[144], [145]. This suggests that if MgO particles are on the order of the coherence
length in the ab plane of MgB2 and homogenously incorporated into MgB2 matrix
through sintering processes, an increase in the flux pinning strength would be expected,
even in the case of bulks and wires. Thus, it is essential to study MgO formation for
further improvement of the current-carrying area.

1.2 PhD Project Plan for Addressing Existing Problems
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First, respective advantages of high-temperature sintering and low-temperature
sintering were focused for simultaneous control of densification, disorder, and grain size
in MgB2 materials. Specifically, the former sintering process is usually required for
fabricating highly dense MgB2 bulks and wires by any method, even though the reaction,
if carried on for a long time, easily forms well crystallized grains and promotes grain
growth, which may reduce the flux pinning strength. On the other hand, the low
temperature sintering yields small grains which have poor crystallinity, most likely
related to vacancies, dislocations, and lattice distortion. These microscopic defects can
be expected to act as electron scattering centres for the improvement of Bc2. From these
advantages, an in situ Mg diffusive method combining an initial short, high-temperature
sintering at 1100 ºC, followed by a low-temperature annealing, was proposed to
simultaneously achieve densification, a high level of disorder, and small grain size.
Pyrene (C16H10) gas as a carbon dopant was also focused for homogeneous C
incorporation into highly dense MgB2 structures. Pyrene has the low boiling point of 404 ºC
and no oxygen content. Atomic or molecular C in gaseous phase can be expected to more
freely and homogeneously diffuse into the starting materials in comparison with what
occurs in a solvent through the chemical solution route [123]. A C gaseous phase
diffusion technique was therefore proposed for this work, using pyrene for improvement
of in-field Jc.
In addition, cold and hot pressing were applied to in situ processed MgB2
conductors, and the effects of core densification on microstructure and transport Jc were
evaluated. The influence of hydrogen containing argon gas on the structural and
superconducting properties of MgB2 wires was also evalauted. Hydrogen is known to be
an oxygen getter and would be expected to decrease the amount of MgO phase that is
formed during sintering. The size of the MgO particles that were formed has been
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evaluated to examine if it was on the order of the coherence length in the ab plane of
MgB2 and could act as flux pinning centres.
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Chapter 2: Experimental

2.1 Sample Preparation
Polycrystalline MgB2 bulks and conductors were prepared by an in situ Mg
diffusion method and an in situ powder-in-tube (PIT) method, respectively. The further
details on the qualities of the starting materials, the starting molar ratio for the source
materials Mg, B, and C, and the annealing processes, will be given in each of the
following Chapters 3-9.

2.2 Sample Characterization
2.2.1 X-ray Diffraction Studies
X-rays are one type of the electromagnetic radiation and its wavelengths are in
the range of 0.01 nm to 10 nm. This range corresponds approximately to the length
scale of interatomic distances and atomic sizes in crystal lattice of a material. When Xrays are incident on atoms in the crystal lattice, they interact with the electrons [1]. The
interaction arises by means of coherent and incoherent scattering and absorption. The
coherent scattering shows the same frequency as the incident X-rays and leads to
diffraction into specific directions. The X-ray diffraction (XRD) in the crystal lattice
will occur whenever Bragg’s law is satisfied as shown in Figure 2.1 and the following
equation

(2.1)
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where n is the integer, λ is the wavelength, dhkl is the spacing between the lattice planes
of Miller index (hkl), and θ is the angle between the incident and diffracted beams and
the planes.

Figure 2.1 X-ray diffraction from lattice planes [2].

The use of XRD provides a powerful means of identifying the phase and revealing the
crystal structure. In this work, two kinds of facilities were used: the Rigaku RINT 2000
diffractometer using CuK radiation at Nihon University, Japan and the BL02B2 at the
SPring-8 facility, Japan. The latter facility is for powder diffraction through the use of
high energy synchrotron radiation and employs a large Debye-Scherrer camera
equipped with an imaging plate for use as a highly sensitive X-ray detector. This
equipment enables rapid collection of high count rate statistics and high angular
resolution powder patterns for accurate structure analyses [3], for example Rietveld
refinement [4].
The Rietveld refinement method [4] can extract various types of structural
information from XRD data. In this work, the refinement was carried out with the
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RIETAN-2000 program [5]. In the Rietveld method, the ith diffracted intensity f(2θi ; x1,
x2, x3, ···) ≡fi(x) at the diffracted angle 2θi is expressed by

(2.2)

where s, K, mK, FK, PK, L, Φ, θK and yb denote the scale factor, the number of the Kth
reflection that contributes to the Bragg reflection intensity, the multiplicity of the Bragg
reflection, the structure factor, the preferred orientation [6], the Lorentz polarization
factor, the peak shape, the Bragg angle of the Kth reflection, and the background
intensity, respectively. In the refinement process, the following sum S of squared
residuals is minimized by non-linear least-squares calculation:

(2.3)
(2.4)

where yi and ωi are the observed diffracted intensity and the statistical weight.
The structure factor FK is expressed by

(2.3)

where j is the number of the jth atom in the unit cell. fj is the atomic scattering factor. Δf′j
and Δf′′j are the real and imaginary parts of the anomalous dispersion factor. xj, yj, zj are
the fractional coordinates. Tj is the Debye-Waller factor (the temperature factor) which
arises from the thermal motion of atoms. Assuming that the thermal motion is isotropic,
the Tj is expressed by
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(2.4)

where Bj and dK are the isotropic atomic displacement parameter and the spacing
between the lattice planes of the Kth reflection, respectively. On the other hand,
considering the anisotropic thermal motion, the Tj is expressed by

(2.5)

where β11j, β22j, β33j, β12j, β13j and β23j are anisotropic atomic displacement parameters.
The accurate estimate of anisotropic atomic displacement parameters is one of the most
difficult refinements and normally requiree a neutron powder diffraction pattern. For
this reason, Equation (2.4) as the Tj in all the refinements was used.
The pseudo-Voigt function is one of the most popular functions for peak shape
and expressed by the convolution of Gaussian and Lorentzian functions, as shown in the
following formula [7]

(2.6)

where HK is the full width at half-maximum (FWHM). η is a parameter for mixing the
two functions and can be expressed by

(2.7)
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where HKL is the FWHM of the Lorentzian component in the Equation (2.6) [8]. HK is
also expressed by the following approximation

(2.8)

where HKG is the FWHM of the Gaussian components in Equation (2.6) [8]. When HKG
and HKL are obtained, HK, η, and thereby the peak shape Φ. are decided from Equations
(2.6), (2.7), and (2.8). HKG and HKL are expressed by

(2.9)
(2.10)

where φK is the angle between the scattering vector and an anisotropic peak broadening
axis [9]. U, V, W, P, X, Xe, Y, and Ye are physical parameters for the particle size effect,
instrument resolution, and lattice strain broadening [9]. These parameters are mainly
refined in the cycle of refinement processes.
Rietveld refinement can yield not only structural parameters, but also
estimations of the quantitative phase abundances of composite samples containing
various crystallographic phases. The weight fraction (

) for the ith phase in a sample of

N phases was obtained from the following formula

(2.11)
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where s is the refined scale factor, Z is the number of formula units per cell, M is the
atomic weight of the formula unit ,and V is the volume of the unit cell [10]-[12].
The fitting quality between the observed pattern and the calculated one was
evaluated by reliability factors Rwp, Rp, and RI, and goodness of fit S as shown in the
following expressions

(2.12)
(2.13)
(2.14)

(2.15)

where N and P are the number of observations and the number of parameters,
respectively. Ihkl(obs) and Ihkl(cal) are the value of integrated intensity extracted during
the Rietveld refinement and the calculated value of integrated intensity, respectively
[13].

2.2.2 Raman Spectroscopy Studies
When light is incident on an atom or molecule in a material, most photons are
elastically scattered from it. However a small fraction of the scattered light has a
wavelength which is different from the incident photons. The inelastic scattering is
Raman scattering [14]. The use of the scattering provides a means of characterizing the
structural properties of materials. In this work, a HORIBA Jobin Yvon confocal laser
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Raman spectrometer with a 100× microscope at the University of Wollongong,
Australia was used for Raman scattering analysis.

2.2.3 Electron Microscopy Studies
Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) are types of electron microscopes [15], [16]. The former is a standard analytical
tool for evaluating morphological characteristics of a material, for example,
homogeneity, porosity, and roughness. The latter is capable of providing microstructural
imaging of a material on very small scales, which range from the angstrom to the
micrometer. Scanning transmission electron microscopy (STEM) is another type of
electron microscope that can provide atomic resolution imaging of the crystal structure
of a material [17]. The combination of high-resolution imaging with electron energy
loss spectroscopy yields direct correlations between the obtained image and quantitative
structural information, for example, the composition and bonding data. In this work,
four kinds of facilities were used: a JEOL JSM-7500FA for field emission-scanning
electron microscopy at the University of Wollongong, Australia, a HITACHI S-4500
field emission-scanning electron microscopy at Nihon Univeristy, Japan, a JEOL JEM2500SES, a Cs-corrected scanning transmission electron microscope equipped with
electron energy loss spectroscopy (EELS) at Pohang University of Science Technology,
South Korea.
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2.2.4 Measurements of Superconducting Properties
2.2.4.1 Critical Transition Temperature (Tc)
In this work, Tc of polycrystalline MgB2 materials was determined by either (a) the
alternative current (ac) susceptibility measurement at zero dc field or (b) the resistance
(R) measurement at zero dc field.
(a) When a superconductor is placed in an applied ac field, the ac susceptibility (χ) as a
function of angular frequency ω is expressed by

(2.16)
(2.17)

where χ′ and χ′′ are the real component and the imaginary component of ac
susceptibility, respectively [18], [19]. f is frequency.

χ′ denotes the dispersive

magnetic response due to the supercurrent shielding in the superconducting state.
χ′′denotes the energy dissipation which arises from magnetic resonance and
magnetic relaxation within the superconductor, for example, due to the flux motion
in the superconducting state [18]. In this work, the temperature dependent ac
susceptibility measurement was carried out on a Quantum Design Magnetic
Properties Measurement System (MPMS) at the University of Wollongong,
Australia. Tc was defined as the onset of the diamagnetism on χ′ and the onset of
energy loss on χ′′, as shown in Figure 2.2.
(b) The temperature dependent resistive transition denotes the formation of the
superconducting energy gap in a superconductor. In this work, the R(T)
measurement by the standard ac four probe method was carried out on a Quantum
Design Physical Properties Measurement System (PPMS) at the University of
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Wollongong, Australia. Tc is defined as the onset of the superconducting transition
temperature.

Figure 2.2 Schematic diagram showing the definition of Tc from the real component and the

imaginary component of AC susceptibility.

2.2.4.2 Upper Critical Field (Bc2) and Irreversibility Field (Birr)
In this work, Bc2 and Birr of polycrystalline MgB2 materials were determined by
either (a) the ac susceptibility measurement in dc field from 0 T to 5 T or (b) the
resistance measurement in dc field from 0 T to 13 T.
(a) For the temperature dependent ac susceptibility measurement, MPMS is used, and
Bc2 is defined as the onset of diamagnetism in χ′ and the onset of energy loss in χ′′.
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(b) For the temperature dependent resistance measurement, PPMS is used, and Bc2 and
Birr are defined as R(Bc2, T) = 0.9Rns and R(Birr, T) = 0.1Rns, where Rns is the normal
state resistance of the superconductor at 40 K.

2.2.4.3 Critical Current Density (Jc)
In this work, the critical current density (Jc) of polycrystalline MgB2 materials was
determined by either (a) dc magnetization measurements or (b) dc transport critical
current measurements.
(a) For polycrystalline MgB2 bulks, MPMS and PPMS were used, and Jc was estimated
from the magnetization hysteresis loops using the Bean critical state model [20],
which is expressed by

(2.18)

where 2a, 2b, and 2c are the sample dimensions (2a < 2b < 2c). The dc field is
applied along the c axis. ΔM is the height of the magnetic hysteresis loop, as can be
seen in Figure 2.3.
(b) For polycrystalline MgB2 wires and tapes, the transport critical current (Ic) at 4.2 K
was measured by using the standard four probe method with the criterion of 1
μVcm-1. Jc was calculated by dividing Ic by the cross-sectional area of the MgB2
core. Two kinds of facilities were used for measuring Ic: a superconducting magnet
up to 14.5 T at Nihon University, Japan and a superconducting magnet up to 12 T at
the National Institute for Materials Science, Japan.
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Figure 2.3 Schematic diagram of a magnetization hysteresis loop showing the definition of ΔM.
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Chapter 3: Fabrication of highly dense MgB2 bulk at
ambient pressure

3.1 Introduction
Significant progress has been made in the development of MgB2 superconductor
and in its high field performance, in particular, ever since the discovery of
superconductivity in this material [1]-[8]. Owing to these efforts, MgB2 seems to be one
of the most promising materials for the next generation of superconducting applications.
However, a severe problem of the MgB2 bulks and wires that has to be overcome for
real applications is that the porosity of the material is usually high, especially for
material prepared by the in situ reaction process, which also results in reduced current
carrying area and low critical current density (Jc) in MgB2 [1], [9], [10]. It is essential to
prepare MgB2 materials with high densities and improve the grain connectivity in order
to compete with Nb-based superconductors. High density MgB2 bulks and wires have
been fabricated using diffusion methods, high pressure methods, hot-pressing, hotisostatic-pressing, and infiltration techniques [11]-[15]. Although these techniques have
achieved high density MgB2 and noticeable improvement in the zero-field Jc, few have
delivered desirable performance so far as the in-field Jc is concerned. The main reason
for this is that most of these techniques require sintering at high temperatures between
700 C and 1000 C for a minimum of 1 hour, leading to well-crystallized grains. Even
though high density can be achieved, the high-field performance of Jc is not
significantly improved. On the other hand, to strengthen flux pinning, the effects of
chemical doping and poor crystallinity have been investigated. Specifically, a high level
of disorder, as is characteristic of poorly crystallized MgB2 samples, has been found to
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contribute to the enhancement of pinning at high fields [2]-[4], [7], [16], [17]. Yet in
practice, it is a great challenge to simultaneously achieve thorough densification and a
high level of disorder for enhancement of current carrying ability in bulk MgB2
superconductors without chemical doping. In this section, a heat-treatment method
combining a short period of sintering at 1100 °C, which is just 10 °C higher than the
boiling point of Mg, which is followed by annealing at low temperature, is reported to
achieve a near-theoretical density while keeping the disorder level high.
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3.2 Sample Preparations

Figure 3.1 Schematic diagram showing a preparation method for MgB2 bulks

Polycrystalline MgB2 samples were prepared from Mg ingots (purity 99.99 %,
size 25 mm) and amorphous B powder (99.995 %, ~0.25 m) using an in situ Mg
diffusion method, as shown in Figure 3.1. The B powder was pressed into slabs with
dimensions of 4.5 x 21.5 x 0.5 mm under a pressure of 100 MPa. The slabs and Mg
lumps were placed in a Ta tube 50 mm in length and 6 mm in diameter. The tube was
then arc-welded at both ends in a glove box filled with high purity Ar gas. Subsequently
the Ta tube was vacuum-sealed in a quartz tube ready for the following heat-treatments.
The starting Mg : B atomic ratio was chosen to be 1 : 1. After the heat-treatment, the Ta
tube was pierced through and again vacuum-sealed in a quartz tube to undergo an Mg
evaporation process at 680 °C for 0.5 h. Four types of heat-treatment conditions were
tested in this study. Table 3.1 summarizes the sintering conditions of the samples.
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Table 3.1 Sintering conditions of the MgB2 samples
Heat-treatment1

Heat-treatment2

FWHM

Density

Sample

(ºC × h)

(ºC × h)

(°)

(g/cm3)

H

1100 × 1

_

0.3

2.4

L

660 × 48

_

0.66

1.5

HL

1100 × 0.1

660 × 6

0.53

2.5

LH

660 × 12

1100 × 0.5

0.24

1.7

Samples H and L were synthesized by a single-step sintering at a high temperature of
1100 ºC and a low temperature of 660 ºC, respectively. Samples HL and LH were
synthesized by two-step sintering processes with HL the high-low temperature treatment
and LH the low-high temperature treatment. In the case of two-step sintering processes,
samples were put into a zone under the first sintering temperature in a horizontal
furnace and sintered during the desired time. After the first process, those were moved
into the other zone under the second sintering temperature in the same furnace, sintered
during the desired time, and then quenched in water. In the case of single-step
processes, samples were put into a zone under the desired sintering temperature in a
horizontal furnace, sintered during the desired time, and then quenched in water.The
microstructure of the samples was characterized by X-ray diffraction (XRD) θ-2θ scans
and scanning electron microscopy (SEM). The critical transition temperature (Tc) was
determined by ac susceptibility measurements at f = 76.97 Hz with 0Hac = 10 T, and
the Jc values were derived from the magnetization hysteresis loops using the Bean
critical state model [18].
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3.3 Phase Composition and Crystallinity
XRD θ-2θ scans of the four types of samples showed that all the samples were
of the same phase composition, which consists of MgB2 with trace amounts of MgO
impurity, as shown in Figure 3.2.

Figure 3.2 The X-ray diffraction patterns for all samples within the angular range from 30.0º to
90.0º.

However, the crystallinity levels for each type of sample are very different. Figure 3.3
shows the XRD patterns for H, L, HL, and LH within the angular range from 82.2
degrees to 84.4 degrees, which corresponds to the MgB2 (112) peak. It is well known
that XRD peaks of good crystallized samples show separation of CuK X-rays in a
higher angular range. The MgB2 (112) peaks for H and LH exhibit a peak separation.
The two separate narrow peaks are from CuK1 and CuK2 X-rays, respectively,
implying that H and LH have well-crystallized grains of MgB2 with a low level of
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disorder. The peaks for L and HL are sloping in shape, and the two CuK peaks are
merged together, indicating that the L and HL samples possesses higher levels of lattice
defects or localized micro-strain compared to H and LH. The defects and strain change
the Tc locally, which is considered as the effective flux pinning mechanism in MgB2
[19].

Figure 3.3 XRD (112) peak patterns for H, L, HL, and LH samples within the angular range
from 82.2º to 84.4º.

The XRD full widths at half maximum (FWHM) and density values of the four types of
samples are listed in Table 3.1. The FWHM of H is about 0.3 with a density of 2.4
g/cm3. For HL samples, the value of the FWHM is about 0.53, which is significantly
broader than that of the H series. The density is 2.5 g/cm3 for HL, similar to H. It is
noteworthy that the high density was obtained by combining the initial short heattreatment at 1100 °C, which accelerates MgB2 formation, and the subsequent heat78

treatment at a low temperature for full reaction of Mg and B. Thanks to the low
temperature of the second stage, the two-step HL sintering process achieves a high level
of disorder together with high density in the MgB2 sample, which usually do not coexist
in a pure MgB2 bulk. As a comparison, the single-step heat-treatment at low
temperature results in a low density of 1.5 g/cm3 and a broad FWHM of 0.66 in the L
samples, which is attributable to insufficient diffusion and crystallization. For the LH
samples the density is also low, 1.7 g/cm3, and they accompany a FWHM of 0.24°, the
narrowest FWHM of the four types of samples.
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3.4 Morphology

Figure 3.4 SEM image of the surfaces of (a) HL (1100 ºC-0.1 h + 660 ºC-6 h), (b) LH (660 ºC12 h + 1100 ºC-0.5 h ), (c) L (660 ºC-48 h), and (d) H (1100 ºC-1 h) samples.

Figure 3.4 shows the SEM images of the surfaces of HL, LH, L, and H samples.
The SEM image of the HL (1100 ºC-6 min + 660 ºC-6 h) sample in Figure 3.4(a) shows
well-connected small grains. By contrast, loosely connected large grains were observed
in the LH sample in Figure 3.4(b). Large clean grains are typically considered to lack
pinning. Figure 3.4(c) reveals a porous fine-grain structure in the L sample, while a
dense matrix embedded with big overgrown grains is seen in the H sample. The features
revealed by the SEM images are in accordance with the XRD results and the Jc results
in the following text, which confirm that the HL sample is characterized by small grains
and is well connected, which should favor good Jc performance in both zero-field and
in-field circumstances. Much attention has been paid to FWHM recently, due to its
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linkage with the pinning in MgB2 bulks and wires [7], [16]. The microstrain and small
grains detected from the broadened FWHM of HL samples hint enhanced pinning in the
MgB2 superconductor.
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3.5 Influence on Tc
Figure 3.5(a) shows the real component of the ac susceptibility for the four
samples. The superconducting transition temperatures are around 39 K for H and LH,
and around 38 K for the L sample. The transition widths for H, L, and LH are 0.7, 0.8,
and 0.3 K, respectively. For HL, the transition begins at 39 K, with a transition width of
about 1.5 K, which is broader than those of LH, H, and L.

Figure 3.5 (a) The real component of the ac susceptibility with f = 76.97 Hz and 0Hac = 10 T
at 0Hdc = 0 T for H, L, HL, and LH. (b) The imaginary component of the ac susceptibility with
f = 76.97 Hz and 0Hac = 10 T at 0Hdc = 0, 0.2, 0.5, 1 T for HL.

The imaginary component of the ac susceptibility for HL is shown in Figure 3.5(b).
Interestingly, HL exhibits a peak separation induced by the increasing applied dc field
from 0 T to 1 T, while the other three samples, including the L samples, show no peak
separation. The Tc separation suggests that HL consists of two kinds of superconducting
phases. One has good ordering in MgB2, which may have been formed during the short
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high-temperature treatment and shows comparatively weak pinning. The other type of
phase with better pinning, which generates the peak at higher temperature, is believed to
have a lower level of ordering and is most probably formed in the residual un-reacted
parts during the low temperature treatment. Hence HL has a comparatively broad
transition width of 38-39 K in the curve of the real component of the ac susceptibility.
The broadened peaks in the XRD θ-2θ patterns suggest that there are plenty of lattice
defects in the HL MgB2 sample, which is coincident with the broadened transition width
in Tc.
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3.6 Influence on Jc
The magnetic field dependence of the Jc at 20K for H, L, HL, and LH samples
are shown in Figure 3.6. The most noticeable feature shown in this figure is that the Jc
for HL is increased by approximately a factor of 10 compared with those of H and L in
magnetic fields up to 4 T. This can be attributed to the high density and the high level of
disorder in the HL sample. The Jc value for LH is the lowest among the four types of
bulks, due to the low density and lack of pinning.

Figure 3.6 The magnetic field dependence of the Jc at 20 K for H, L, HL, and LH.

To further enhance the Jc in the HL samples, even lower second-step temperatures were
employed for an increase of disorder in the samples. Figure 3.7 shows the magnetic
field dependence of the Jc at 10 K and 20 K for the samples which were heat-treated
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under different second sintering conditions. The figure demonstrates that a lower
second-step annealing temperature results in higher Jc. It is worth noting that the Jc
values of the samples heat-treated at 1100 ºC-0.1 h + 440 ºC-768 h and 1100 ºC-0.1 h
+550 ºC-192 h approach the significant value of 2.0 × 105 A/cm2 at 4 T, 10 K, and 2.0 ×
104 A/cm2 at 4 T, 20 K, without using high-energy milling, high pressure apparatus, or
doping materials.

Figure 3.7 The magnetic field dependence of the Jc at 10 K and 20 K for the samples heattreated by two-step sintering processes, namely 1100 ºC-0.1 h + 660 ºC-6 h, 1100 ºC-0.1 h +
550 ºC-192 h, and 1100 ºC-0.1 h + 440 ºC-768 h.
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3.7 Summary
It was demonstrated that high density and strong flux pinning could be achieved
simultaneously in un-doped MgB2 bulks by a two-step heat-treatment within an in situ
diffusive reaction method. The two-step process gives rise to MgB2 samples
characterized by small grains that are both highly disordered and well connected,
resulting in an increase in Jc by nearly one order of magnitude. The technique provides a
valuable processing option for MgB2 applications that is low-cost as well.
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Chapter 4: Further Study of Superconducting
Properties of Highly Dense MgB2 Bulk Produced via a
Two-step Sintering Method

4.1 Motivation and Scope
The superconducting material MgB2 has been studied by many researchers,
partly owing to its prospects for real applications, for example, magnets for magnetic
resonance imaging and nuclear magnetic resonance. MgB2 shows a high critical
temperature ~39 K compared with Nb-based superconductors [1] and is expected to
function as an alternative material in the operating temperature range of 10-20 K.
However, the MgB2 bulks and wires prepared by an in situ reaction process are prone to
have porosity, which leads to a reduced current-carrying area and low critical current
density (Jc) in these materials [2], [3]. Decreasing the porosity is essential for MgB2
materials to further improve the superconducting properties.
MgB2 bulks and wires with high densities have been fabricated by several
techniques [4]-[7]. Different types of high pressure apparatus can be used to
manufacture highly dense MgB2 materials. The best reported densities of MgB2 bulk [4]
and of the core of the MgB2 tape [5] are ~2.56 g/cm3 and ~2.55 g/cm3, respectively,
which are close to the theoretical density of MgB2 (2.625 g/cm3). However, these
methods, even if feasible, are limited in terms of large-scale production, due to the
practical difficulty in the use of very large vessels, when high pressures and high
temperatures are involved. Mg diffusion methods [6], [7] can be used for fabrication of
high-density bulks and wires without the need for uniaxial-hot-pressing and hot-
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isostatic-pressing. For the above-mentioned methods, although the zero-field Jc is
increased, the pinning behaviour in high fields is not significantly improved.
In the previous chapter, we proposed a two-step heat-treatment within an in situ
diffusive reaction method for the preparation of near-fully-dense MgB2 bulks that also
provides very strong in-field pinning. The two-step process has achieved a high level of
disorder in MgB2 samples together with high density. Moreover, the in-field Jc is nearly
one order of magnitude higher than that of the samples prepared by single-step
sintering. This improvement was mainly attributed to a unique feature of well-connected
small grains with a high level of disorder in the MgB2 samples created by the two-step
sintering. In this work, we will discuss in further details the influence of the two-step
sintering method on the superconducting properties of MgB2.
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4.2 Experimental Details
The polycrystalline MgB2 bulks were prepared from Mg lumps (purity 99.99 %,
size 2-5 mm) and amorphous B powder (99.995 %, ~0.25 m). The B powder was
pressed into slabs with dimensions of 4.5 × 21.5 × 0.5 mm under a pressure of 100 MPa.
The slabs and Mg lumps were placed in a Ta tube 50 mm in length and 6 mm in
diameter. The both ends of the tube were then arc-welded in a glove box filled with high
purity Ar gas. While welding, the Ta tube was attached to an ice-cooled copper block
that acted as a heat sink to avoid heating the slabs and Mg lumps. Subsequently the Ta
tube was vacuum-sealed in a quartz tube ready for the following heat-treatments. The
starting Mg : B atomic ratio was chosen to be 1 : 1. After the heat treatment, the Ta tube
was pierced through and again vacuum-sealed in a quartz tube to undergo an Mg
evaporation process at 680 °C for 0.5 h. Table 4.1 summarizes the sintering conditions
of the samples.

Table 4.1 Sintering conditions of the MgB2 samples.
Group

Sample

H

H0
H1
H2
L0
L1
L2
HL0
HL1
HL2
LH0
LH1
HL-D0
HL-D1

L

HL

LH
HL-D

Heat-treament1

Heat-treament2

Jc at 3.5T, 20K

(ºC × h)
1100 × 0.5
1100 × 1
1100 × 3
660 × 24
660 × 48
660 × 96
1100 × 0.1
1100 × 0.1
1100 × 0.1
660 ×12
660 ×12
1100 × 0.1
1100 × 0.1

(ºC × h)

(kA/cm2)
1.4
1.9
0.3
2.3
2.8
2.2
2.5
14.6
13.9
0.01
0.01
14.3
32.6
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660 × 3
660 × 6
660 × 12
1100 × 0.25
1100 × 0.5
770 × 6
550 × 192

The phase composition was investigated from XRD patterns which were collected with
a Rigaku RINT 2000 diffractometer using Cu K radiation. The morphology of the
samples was investigated using a HITACHI S-4500 scanning electron microscope
(SEM). A superconducting quantum interference device (SQUID) magnetometer
(MPMS-5T, Quantum Design) was used to record the real and the imaginary component
curves of ac susceptibility and the dc magnetization loops. The critical transition
temperature (Tc) was determined by ac susceptibility measurements at f = 76.97 Hz with
0Hac = 10 T, and the Jc values were derived from the magnetization hysteresis loops
using the Bean critical state model.
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4.3 Crystallinity and Mass Density
The relationship between the FWHM of the MgB2 (112) peak and the density for
the four types of samples is shown in Figure 4.1. The densities for H0, H1, and H2 are
~2.2, ~2.4, and ~1.9 g/cm3 respectively. It is noteworthy that H1 shows a density of ~90
% of theoretical. Nevertheless, the density rapidly decreases with increasing sintering
time from 1 hour to 3 hours. This is believed to be due to rapid grain growth caused by
the excess Mg liquid or vapour at the high temperature when there is sufficient reaction
time. The growth was observed by using SEM. Also, Du et al. reported that single
crystals of MgB2 could be grown at ambient pressure by the evaporating Mg-flux
method [8], [9]. The decrease in density in MgB2 causes not only reduced currentcarrying areas [2], [3], but also large grains, which can lead to poor pinning in magnetic
field [10], [11]. The values of FWHM for Group H were observed to be ~0.3,
reflecting well crystallized grains of MgB2 [12]. The single-step sintering processes at
1100 ºC were found to synthesize high density MgB2 samples with good crystallinity.
However, the reaction had the disadvantage of decreasing the density when long
reaction time was used. For Group L, the densities were obtained to be low values (~1.5
g/cm3) compared with those of Group H, whereas the values of FWHM were observed
to be ~2.2 times broader than those of Group H. Yamamoto et al. reported that the poor
crystallinity of MgB2, detected from the broadened FWHM, contributes to Bc2 and Birr at
high field [13]. The single-step sintering carried out at 660ºC was found to provide a
high level of disorder to the MgB2 samples, although the densities for the samples are
quite low. In addition, Kim et al. reported the effects of sintering conditions on wires
fabricated by an in situ powder-in-tube (PIT) method [14]. They found that the FWHM
could be significantly broadened by decreasing the sintering temperature, whereas the
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density of their wire samples was only slightly changed with increasing sintering
temperature.

Figure 4.1 Relationship between the FWHM of the MgB2 (112) peak and the density for
Groups H, L, HL, and LH.

For Group HL, the densities were shown to be ~2.4-2.5 g/cm3, which is
comparable to the value of H1. Also, the values of the FWHM were observed to be
~0.53 (HL0 and HL1) and ~0.45 (HL2), which are broader than those of Group H.
Note that Group HL shows both high density and broad FWHM. This is because the
initial short heat-treatment at 1100 ºC is too short for grain overgrowth and complete
diffusion. Thanks to the subsequent heat-treatment at 660 ºC for homogenization, the
two-step HL sintering processes achieve a high level of disorder in the MgB2 samples
together with high density. For Group LH, the densities were shown to be ~1.7 g/cm3,
near those of the L series. Also, the values of the FWHM were observed to be ~0.24,
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the narrowest of all the samples. The two-step LH sintering processes synthesize the
low density MgB2 samples with well crystallized grains. Accordingly, both the density
and the FWHM of MgB2 bulks can be simultaneously controlled by the two-step heattreatments.
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4.4 Real Component of AC Susceptibility
Figure 4.2 shows the real component of the ac susceptibility for H1, L1, HL1,
and LH1, which had the highest Jc values in Groups H, L, HL, and LH, respectively.

Figure 4.2 Real component of the ac susceptibility, with f = 76.97 Hz and 0Hac = 10 T, at
0Hdc = 0, 1, 3, and 5 T for H1, L1, HL1, and LH1.

The Jc values at 20 K in 3.5 T for the four types of samples are listed in Table 4.1. The
most noticeable feature shown in this figure is that the onset of diamagnetism at 5 T for
HL1 is higher than for H1 and L1 by approximately 2 K. This results from the
coexistence of high density and a high level of disorder in HL1. Also, it should be noted
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that the onset of diamagnetism at 0 T for H1 is higher than that for L1 by about 1 K,
whereas the onset of diamagnetism at 5 T and the Jc at 20 K for H1 are rather close to
those for L1. This is because the level of disorder in L1 is higher than that for H1. The
superconducting transitions in magnetic field for LH1 were shifted to low temperatures,
very probably due to the low density and the good crystallinity.

97

4.5 Grain Size
To control the grain size and obtain high density and a high level of disorder for
Group HL, different second sintering conditions were employed. Figure 4.3 shows SEM
images of the surfaces for H1 and for samples which were heat-treated at different
second-step temperatures.

Figure 4.3 SEM images of surfaces for samples heat-treated at (a) 1100 ºC - 1 h, (b) 1100 ºC 0.1 h + 770 ºC - 6 h, (c) 1100 ºC - 0.1 h + 660 ºC - 6 h, and (d) 1100 ºC - 0.1 h + 550 ºC - 192 h.

The surface of H1 in Figure 4.3(a) was observed to consist of large, overgrown grains in
a dense matrix. By contrast, small grains are seen in the sample heat-treated at 1100 ºC 0.1 h + 550 ºC - 192 h in Figure 4.3(d). It also became clear that a lower second-step
annealing temperature prevents large grain growth more effectively, as shown in Figure
4.3(b), (c), and (d). Wang et al. reported that increased grain size can lead to a decrease
in Jc, as a smaller grain size is more beneficial for the enhancement of the grain
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boundary pinning [11]. The control of the grain size hints enhanced pinning in the
samples heat-treated at 1100 ºC - 0.1 h + 550 ºC - 192 h.
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4.6 Imaginary Component of AC Susceptibility
Figure 4.4 shows the imaginary component of ac susceptibility for H1 and the
samples which were heat-treated under different second-step temperatures.

Figure 4.4 Imaginary component of the ac susceptibility, with f = 76.97 Hz and 0Hac = 10 T
at 0Hdc = 0, 1, 3, and 5 T for (a) 1100 ºC - 1 h, (b) 1100 ºC - 0.1 h + 770 ºC - 6 h, (c) 1100 ºC 0.1 h + 660 ºC - 6 h, and (d) 1100 ºC - 0.1 h + 550 ºC - 192 h.
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H1 exhibits no peak separation with increasing applied dc field from 0 to 5 T due to the
single-step sintering [12], whereas the samples heat-treated under different second
sintering conditions show some shoulders in the transition regions. Specifically, in the
sample heat-treated at 1100 ºC - 0.1 h + 770 ºC - 6 h, separated peaks were observed at
5 T. In the samples heat-treated at 1100 ºC - 0.1 h + 550 ºC - 192 h and 1100 ºC - 0.1 h
+ 660 ºC - 6 h, the peak separation started to appear at 0 T and 1 T respectively. These
energy loss peak separations suggest that the samples synthesized by the two-step
sintering processes consist of two kinds of superconducting phase [12].
The curve of the energy loss peak for the sample heat-treated at 1100 ºC - 0.1 h
+ 550 ºC - 192 h, as shown in Figure 4.4(d), shows some interesting behaviour. One
phase has good ordering of MgB2, and its peak is generated at higher temperature in 0 T.
as indicated by arrow 1. As the applied field gradually increased to 1 T, the peak began
to disappear. The energy loss peak at 1 T was observed to be a single peak. The reason
is that at 1 T, the pinning property of the ordered phase is similar to that of the other
phase, which was believed to have a lower level of ordering and gave rise to the peak at
lower temperature in 0 T as indicated by arrow 2. With increasing applied field from 3
to 5 T, a shoulder appeared on the energy loss peak. The weaker peak marked by arrow
3 is generated by the phase with good ordering of MgB2, indicating comparatively weak
pinning. In contrast, the sharper peak indicated by arrow 4 in applied field of 3 or 5 T is
believed to possess better pinning due to a lower level of ordering. Hence, two kinds of
superconducting phase form various shaped energy loss peaks in fields.
At 0 T, for the curves of ac susceptibility of the samples heat-treated under
different second-step temperatures, a lower second-step annealing temperature caused
not only a slight shift to a lower measured temperature, but also a peak separation. The
reason is that a lower sintering temperature tends to achieve poorer crystallinity in
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MgB2 samples [14]. It should also be noted that the energy loss peak at 5 T shifts to
higher temperatures with decreasing second-step annealing temperature. This is
attributed to both smaller grains and a lower level of ordering. Therefore, decreasing the
second-step sintering temperature results in an improvement of the pinning property at
high field.
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4.7 Summary
In this work, the superconducting properties of highly dense MgB2 bulks using a
two-step sintering method have been studied. This technique effectively controls the
grain size and the level of disorder while achieving high density in the MgB2 samples.
The samples show two kinds of superconducting phase, reflecting a peak separation in
the imaginary component of ac susceptibility in field. Finally, it has been demonstrated
that a lower second-step sintering temperature improves the pinning property of MgB2.
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Chapter 5: In-field Jc Improvement by Oxygen-free
Pyrene Gas Diffusion into Highly Dense MgB2
Superconductor

5.1 A Novel Route for Carbon Incorporation into Highly dense MgB2
materials
MgB2 is one of the most promising materials for the next generation of
superconducting applications because of its high critical transition temperature (Tc) of
39 K [1] and lack of weak-links at grain boundaries [2]. However, the in-field critical
current density (Jc) still needs to be further improved at its higher operating temperature
of ~20 K. In order to achieve this, issues of the grain connectivity and the carbon (C)
incorporation into MgB2 material should be addressed. These include (i) grain coupling,
(ii) effective cross-sectional area, (iii) impurity phase fraction that disturbs current-flow,
and (iv) homogeneous C incorporation into the MgB2 lattice structure.
Homogeneous C incorporation is a critical issue for high magnetic field
applications of MgB2. Lattice disorder increases due to C substitution, which causes an
enhancement in the upper critical field (Bc2) and high-field Jc [3], [4]. In contrast, the Jc
in self-field decreases because of residual impurity phase and the reduction of effective
cross-sectional area. So far, many groups have focused on solid and/or liquid mixing as
a processing method for improving the efficiency of C incorporation [5]-[9]. In
particular, the aim of the liquid process is to achieve better mixing among the starting
materials [5]. However, agglomeration of un-reacted C still exists at the grain
boundaries, even after the sintering process. Here, a method of C substitution via
gaseous phase diffusion is suggested. The C distribution can be easily achieved by this
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method and it can be applied widely to bulk, wire, and thin film fabrications for
enhancement of Jc.
In earlier studies [10], [11], two-step processing via magnesium diffusion was
suggested to be the easiest way to make a highly dense sample with enhanced low field
Jc. In the present work, lumps of pyrene (C16H10), an oxygen free hydrocarbon, were
selected as a C source in combination with the Mg diffusion process. In this case,
atomic or molecular C in gaseous phase diffuses freely and homogeneously in
comparison with what occurs in solvent, as reported in carbohydrate doping [5]. By
reducing the oxygen content through the use of pyrene which is a highly active C source,
it would be more effective in enhancing the Jc. It is thus necessary to evaluate the
effects of pyrene gas on the structural parameters, Tc, Bc2, Jc, and microstructure of
MgB2 systematically.
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5.2 Experimental Details
Pyrene lumps (C16H10, 98%, 1-4 mm) as carbon source were used because of the
low boiling temperature of 404 ºC and it is a poly-aromatic hydrocarbon. In order to
explore the possibility of the use of pyrene as C source, two different processes were
performed. In the case of study 1, B powder and pyrene lumps were first placed in a Ta
tube. It is known that Ta is an absorbing metal for not only O, but also hydrogen over a
wide temperature range [12], [13]. Both ends of the Ta tube were sealed by an arcwelding method in a glove box filled with high purity Ar gas. The sealed Ta tube was
then vacuum-sealed in a quartz tube and then sintered at 600 ºC for 1 hour. This heattreatment process enables the vaporizing pyrene to treat the surface of the B powder. A
compacted slab of the B powder treated in pyrene gas and Mg ingots were put into a Ta
tube to undergo the rest of the two-step processing via Mg diffusion. In study 2, the two
elements diffused into a compacted B slab simultaneously, i.e., Mg ingots and pyrene
lumps were placed in a Ta tube through the same fabrication method used in study 1. A
schematic diagram of the sample preparation is shown in Figure 5.1. The proper amount
of pyrene in the two studies was chosen to be 2.5 wt% of total MgB2, because a small
quantity of pyrene is sufficient to provide the required amount of C to significantly
improve Jc. For reference, an un-doped sample was also prepared from the same Mg
diffusion process. Here, Mg ingots (99.99%, 3-5 mm) and amorphous B powder
(99.9%, 1 m) were used as the starting materials. Doped and un-doped samples were
sintered for a short period of 4 minutes at 1100 ºC first, followed by the second
sintering conditions, namely, 660 - 710 ºC for 24 - 48 hours and 660 ºC for 14 hours,
respectively.
For estimating accurate structural parameters from the Rietveld refinement, high-energy
synchrotron radiation (SR) powder diffraction experiments were carried out at the
108

SPring-8 facility in Japan. All samples were also characterized by Tc, Jc and Bc2 from
magnetic measurements. Tc was determined by ac susceptibility measurements at f =
76.97 Hz with 0Hac = 50 T. Jc was calculated from the magnetization hysteresis loops
using the Bean critical state model.14 In addition, Bc2 was derived from ac susceptibility
with f = 76.97 Hz, 0Hac = 50 T, and 0Hdc = 0, 0.2, 0.5, 1, 3, and 5 T. Scanning
transmission electron microscopy (STEM) was employed to analyze the morphology,
structure, and phase composition.

Figure 5.1 Schematic of Mg diffusion method in combination with pyrene gas treatment used in
study 1 and study 2. The sealed Ta tubes were vacuum-sealed in quartz tubes, sintered at 1100
ºC for 4 mins followed by annealing at 660 - 710 ºC for 24 - 48 hours.
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5.3 Structural parameters and Phase Composition
The changes in the lattice parameters with the two different sample preparation
methods are presented in Table 5.1. The Rietveld refinement of the crystal structure was
carried out with the RIETAN-2000 program [15]. The asymmetric pseudo-Voigt
function was used to investigate peak broadening effects caused by crystallite size and
microstrain in the crystal lattice [16]. As mentioned in earlier works, [5], [9] shrinkage
of the a-lattice parameter would be strong evidence for C substitution. Interestingly, alattice parameters for studies 1 and 2 decreased from 3.0834 Å to 3.0713 Å and 3.0756
Å, respectively. It is well known that the actual amount of C can be inferred from the
lattice parameters by comparison with the lattice parameters of single crystal [17]. The
diffusion process enables C to substitute effectively into the B sites causing significant
lattice distortion/disorder. That is to say, the substitution brings lattice strain into the
MgB2 due to the difference in atomic radii between C and B. The effective lattice strain
is much larger in B layer than that of Mg layer because the effect of C replacing B site
will accumulate in the B layer. When the accumulated strain exceeds the critical value,
dislocation is formed at the B layer. Contrary to the change in a-lattice, the refined
analysis shows a slight increase of c-lattice in pyrene gas treated samples. This may
imply that infinitesimal C atoms are inserted at interstitial sites [18]. Direct evidence of
structural disorder can be provided by Rietveld refinement of the X and Y profile
coefficients [16], [19], which are strongly related to crystallite/sub-grain size and lattice
strain, respectively, as shown in Table 5.1. The values of the Y coefficient for studies 1
and 2 are two times higher than that for the un-doped sample, even though the ranges of
error are relatively high. In contrast, the minor change in the X coefficient means that all
samples have nearly the same crystallite size. These facts indicate that the broadening of
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the MgB2 peak in the SR diffraction patterns for pyrene gas treated samples is mainly
caused by strain induced in the crystal lattice. The effect may reduce the unit cell
volume, decrease the Tc, and enhance the Bc2.

Table 5.1 Results of Rietveld refinement on the high-energy SR powder diffraction data for Ccontaining gas treated samples and the un-doped reference sample. The fitting quality between
the observed pattern and the calculated one was evaluated by reliability factors Rwp, Rp, and RI
and goodness of fit S.
Study 2

un-doped

1100ºC for 4 min

Study 1
1100ºC for 4 min

1100ºC for 4 min

1100ºC for 4 min

+ 660ºC for 48 h

+ 710ºC for 24 h

+ 710ºC for 24 h

+ 660ºC for 14 h

SR powder diffraction experiment
Radiation source
0.49919 (5)
(Å)
2º
Temperature (K)
Reliability factors
Rwp
3.74
2.77
Rp
3.41
RI
Goodness of fit
S
1.02
Lattice parameters
a (Å)
3.0697 (3)
c (Å)
3.5262 (2)
Unit cell volume
V (Å3)
28.776 (4)
Peak broadening coefficients
X
0.0380 (3)
Y
0.143 (94)
Weight fractions
MgB2 (%)
92.3
MgO (%)
7.6
Mg (%)
0.1

Synchrotron
0.49901 (2)
0.49901 (2)
0.01
300

0.49919 (5)

3.38
2.44
2.30

3.23
2.39
2.61

4.22
3.12
4.77

1.16

1.23

0.98

3.0713 (4)
3.5263 (3)

3.0756 (3)
3.5294 (2)

3.0834 (4)
3.5214 (3)

28.806 (5)

28.912 (4)

28.994 (5)

0.0419 (5)
0.143 (125)

0.0365 (3)
0.143 (57)

0.0346 (5)
0.065 (30)

93.1
6.3
0.6

94.7
5.1
0.2

93.8
6.0
0.2
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5.4 Influence on Tc and Bc2

Figure 5.2 (a) Real component of ac susceptibility with f = 76.97 Hz and 0Hac = 50 T at 0Hdc
= 0 T and (b) normalized temperature dependence of Bc2 derived from ac susceptibility with f =
76.97 Hz, 0Hac = 50 T, and 0Hdc = 0, 0.2, 0.5, 1, 3, and 5 T for C-containing gas treated
samples and the un-doped reference sample.

Figure 5.2 shows the Tc and Bc2 for all samples. It is noteworthy that the Tc was
systematically shifted to lower temperature with decreasing a-lattice parameter (see
Figure 5.2(a)). The systematic Tc reduction reflects C substitution and substitutional
defects in pyrene gas treated samples, in agreement with the results of Rietveld analysis.
Structural disorder effects can be also supported by magnetic Bc2 curves derived from
the ac susceptibility at dc fields from 0 T to 5 T and an ac field of 50 T (see Figure
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5.2(b)). The normalized temperature dependence of Bc2 makes it clear that the slopes for
pyrene gas treated samples are steeper in comparison with that of the un-doped sample.
Interestingly, the curves showed a positive curvature near Tc. The positive curvature of
Bc2 at T ~ Tc indicates that the diffusivity in the  bands is suppressed compared to that
in the  bands [20]. As a result, the enhanced Bc2 provides an indication of increased
two-band impurity scattering, most likely due to the lattice strain induced by C
substitution. The structural disorder caused by the localized strain would enhance Bc2,
resulting in the enhancement of in-field Jc, as shown in the following chapter.
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5.5 Influence on Jc

Figure 5.3 Magnetic field dependence of Jc at 5 K and 20 K for C-containing gas treated
samples and the un-doped reference sample. The Jc at 4.2 K and 20 K for MgB2 thin film is also
included for comparison [24].

It is interesting to note that in contrast to the case of any other doping, the selffield Jc at 20 K does not show any difference between the doped and un-doped samples
as shown in Figure 5.3. The main reasons are (i) no significant change in the weight
fractions of MgB2 and MgO (see Table 5.1) and (ii) the pyrene gas treatment process,
i.e., molecular C, does not degrade the connectivity of highly dense MgB2. The active
cross sectional area fraction (AF) [21], which is a measure of grain connectivity, can be
obtained by

(5.1)
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where ρ40 K and ρ300 K are resistivity values of samples measured at 40 K and 300 K,
respectively. Δρideal is resistivity difference between 40 K and 300 K for a fully
connected sample made from a high purity source, such as a dense filament [22], [23]
made by chemical vapor deposition, for which Δρideal is 7.3 μΩ·cm. It is well known that
a lower value of Δρ indicates good connectivity between grains. Interestingly, AF of the
Mg diffusion sample is comparable to that of well-connected MgB2 thin film [21] or Mg
diffused B whisker [23]. For example, Δρ values of Mg diffusion samples were
estimated to be 9.2 – 19.2 μΩ·cm. Thus, self-field Jc at 20 K reached 106 Acm-2 and infield Jc at around 5 T showed 104 Acm-2. This result is also comparable to those for
MgB2 thin film [24]. To further find other clues, there needs to be deeper insight from
the viewpoint of microstructure.
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5.6 Morphology and Phase Composition

Figure 5.4 Microstructure of high-density MgB2 bulk prepared from B powder sintered in
oxygen-free C-containing gas: (a) BF-TEM image, (b) ADF-STEM image, (c) HAADF-STEM
image, (d) B-K edge map, and (e) O-K edge map.

A transmission electron microscope (TEM) image of sample for study 1 is
shown in Figure 5.4(a). This sample which was first sintered at 1100 ºC for 4 minutes
followed by second sintering at 710 ºC for 24 hours showed the best Jc performance.
Interestingly, there seems to be no porosity in the matrix. However, such a bright field
(BF)-TEM image does not show impurity phases and grain boundaries. Therefore, an
annular dark field (ADF)-STEM and high angle annular dark field (HAADF)-STEM
images of the same sample were captured and they are shown in Figure 5.4(b) and 4(c).
The ADF-STEM image confirmed that there are many nanoparticles embedded within
the MgB2 grains. It is well known that a HAADF-STEM image displays atomic number
dependent contrast (Z-contrast) when the sample thickness is uniform [25]. Bright spots
correspond to the areas where a high concentration of magnesium (Mg) exists because
the atomic number of Mg is higher than those of carbon, boron, and oxygen in this
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system. In addition, electron energy loss spectroscopy (EELS) maps of B-K and O-K
edges are displayed in Figure 5.4(d) and (e) to show the phase identification,
respectively. Nanoparticles in a dense MgB2 grain show weak B-K and strong O-K
intensity. Therefore, nanoparticles in the matrix can be related to MgO as shown by
green circles (Figure 5.4(b)). The existence of MgO was also confirmed in the highenergy SR powder diffraction results (Table 5.1).
The presence of MgO nanoparticles could enhance the flux pinning effect [26],
[27]. Since the coherence length in a-b plane of MgB2 is about 6 - 7 nm [28], a limited
amount of inclusions within grains can serve as strong flux pinning centers. The most
noticeable feature is that un-reacted C agglomeration and impurity phases at grain
boundaries are not detected from the EELS maps. This means that the technique of
gaseous phase diffusion can efficiently incorporate C into MgB2 structure without any
deterioration of grain connectivity.
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5.7 Summary
The influence of C-containing gas on the structural and superconducting
properties of highly dense MgB2 bulks synthesized via diffusion process has been
demonstrated. The C-containing gas penetrated into the MgB2 bulks and caused lattice
shrinkage of the a-lattice parameter and high disorder in the lattice structure, resulting in
significant enhancement of Bc2 and Jc. Self-field Jc at 20 K reached 106 Acm-2, which is
quite comparable to the performance of MgB2 thin film. The gas phase diffusion
technique offers a useful processing option in various manufacturing processes for
MgB2 bulk, wires, and thin films for practical applications.
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Chapter 6: In Situ Processed MgB2 Conductors: Core
Densification due to Mechanical Deformation

6.1 Introduction
MgB2, which shows critical temperature (Tc) of 39 K, has been judged
potentially capable of meeting practical superconducting applications. Specifically,
owing to its lack of weak-links at grain boundaries and low material cost, MgB2 is
believed to be a promising candidate for magnet applications at operating temperatures
around 20 K [1]. Different kinds of powder-in-tube (PIT) processed MgB2 conductor,
i.e., ex situ and in situ processes, have been established, which show different
advantages [2]. Even though critical current density (Jc) for in situ processes shows
better results at the present, it is still not at the levels achieved by Nb-Ti low
temperature superconductor (LTS). The main reason for this is that the connectivity
between grains is very low. Using the methodology of Rowell to estimate the grain
connectivity suggests that the connection factor for polycrystalline MgB2 is below 0.2
[3]. On the other hand, MgB2 thin film fabricated by hybrid physical chemical vapor
deposition (HPCVD) has a higher density and better connectivity, resulting in
improvement of Jc [4]. From these reasons, the Jc values of round wire could be further
improved if the core density of these wires can be increased by the optimization of wire
fabrication, especially through mechanical deformation. It was speculated that the low
core density of the round wire is related to the low Jc values. However, round wire is
preferred over flat tape to achieve low AC loss and to support a layered coil winding
[5]. The necessity to improve the Jc for competition with Nb-Ti and Nb3Sn LTSs leads
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to the need for optimization of the MgB2 conductors. In this work, therefore, PIT
processed MgB2 conductors in both the round wire and the flat tape shapes were
fabricated. The Jc, flux pinning strength, and microstructures were evaluated for both
samples.
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6.2 Experimental Details
MgB2 conductors were fabricated by an in situ PIT process. Mg (99%) and B
(99%) powders as starting precursor materials were used, with the composition of Mg :
B = 1 : 2. The mixed powders were packed into an iron (Fe) tube with a length (L) of
140 mm. The Fe tube had an outer diameter (O.D.) of 10 mm and an inner diameter
(I.D.) of 8 mm. The composites were drawn to an O.D. of 1.42 mm. To make flat tape,
the wire samples were then rolled to thickness of 0.5 mm. Both fabricated conductors
were sintered at 650oC to 700oC for 30 min under high purity argon gas, and then
cooled in the furnace. The heating rate was 5oCmin-1. All conductors were basically
characterized by scanning electron microscopy (SEM). The transport critical current (Ic)
behavior was characterized by the standard four-point probe method with the criterion
of 1 µVcm-1. Jc was obtained by dividing Ic by the cross-section of the MgB2 core. The
transport Ic at 4.2 K up to 12 T was estimated by using equipment at the Tsukuba
Magnet Center, National Institute for Materials Science, Japan.
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6.3 Influence on Transport Jc

Figure 6.1 Transport Jc for round wires and flat tapes at 4.2 K. Inset figure shows the Jc
behavior of referenced wire samples at 4.2 K and 10 T as a function of sintering temperature.

Figure 6.1 shows transport Jc for round wires and flat tapes at 4.2 K. The inset to
figure shows the Jc behaviour of referenced wire samples at 4.2 K and 10 T as a
function of sintering temperature. It was observed that the Jc(B) for pristine MgB2 wire
decreased with increasing sintering temperature up to 1000oC. This is because grain
boundaries for MgB2 could be acting as the predominant pinning centers, while grain
growth corresponds to reduction of effective pinning [6]. For example, Jc of the sample
sintered at 650oC for 30 min was estimated to be 4200 Acm-2 at 4.2 K and 10 T, while
the corresponding value for the sample sintered at 1000oC for 30 min was 630 Acm-2.
This is why all the samples were sintered at lower sintering temperature up to 700oC in
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this experiment. As can be seen in the figure, both round wire and flat tape samples
sintered at 650oC showed a better, higher Jc at 4.2 K and 12 T. This can be attributed to
the grain boundary pinning due to smaller grain size, as mentioned above. Interestingly,
Jc values (1130 Acm-2) of round wires were slightly higher than those (880 Acm-2) of
flat tape under the same condition of 4.2 K and 12 T. On the other hand, Jc values at 7 T
for flat tapes were similar with those for round wires. Jc values at 4.2 K and 7 T for
round wire and flat tape were 26800 Acm-2 and 27800 Acm-2, respectively. This
indicates that there is still much room for the increase of Jc under low magnetic field.
That is, the flat tape can achieve significantly higher Jc values in the low field regime
compared to round wire, mostly as a consequence of the higher deformation pressure of
rollers in comparison to drawing.
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6.4 Kramer Plot

Figure 6.2 Kramer plot (FK), Jc1/2 x B1/4, for round wires and flat tapes at 4.2 K.

These observations of the Jc(B) curves can be further supported by the Kramer
plot (FK), as can be seen in Figure 6.2. Pinning force strength, Jc1/2 x B1/4, is expected to
be a linear function of magnetic field (B). The characteristic irreversibility field, at
which extrapolated FK reaches zero, was 15.2 T and 14.7 T, respectively, for round wire
and flat tape. However, the FK is not really linear, in particular at low Jc where a
curvature was observed. This might be due to percolative paths, which in fact give a
transport Jc that is always higher than the value extracted from magnetic loops [7].
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6.5 Influence on Microstructure

Figure 6.3 SEM images of polished cross-sections for round wire ((a) and (b)) and flat tape ((c)
and (d)).

Figure 6.3 shows the SEM images of polished cross-sections for round wire ((a)
and (b)) and flat tape ((c) and (d)). In both samples, it was observed that there was
considerable porosity. This normal phenomenon occurs when melted Mg at around
650oC starts to diffuse into solid amorphous B. That is to say, the theoretical volume of
the Mg and B powders is larger than the volume of the reacted MgB2 and volatile Mg
during sintering can be responsible for volume shrinkage and porosity. So an excess
amount of Mg is provided to compensate for Mg losses during in situ processed
sintering. In the flat tape, the relative number of porosities decreased due to the rolling
load, which results in an increase in the core densification, even with the same sintering
conditions. As a result, it was speculated that the rolling further promoted the grain
connectivity due to the high pressure applied to the sample and, thus, resulted in a high
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Jc. However, a too large reduction can accompany an inhomogeneous deformation.
Therefore, it is important to optimize the mechanical deformation by considering the
pressure effects, thickness effects, and sausaging effects. Recently, Yamada et al.
reported that flat tape prepared by hot pressing has been significantly improved [8]. The
higher Jc in hot pressed tapes results from the denser MgB2 structures with fewer voids
and better linkage among grains.

Figure 6.4 SEM image of cross-section of a flat tape. There were cracks in the middle of the
core (indicated by white arrows).

Figure 6.4 shows an SEM image of a cross-section of flat tape. As can be seen in
the figure, the area in the MgB2 core near the Fe sheath appears dense, but on the other
hand, there is considerable porosity in the central area. The densification is due to the
hardness of the Fe sheath. It should be noted that there were no reaction layers between
the MgB2 core and the Fe sheath because of the low sintering temperature of 650oC.
Sheath materials such as Fe are found to be less reactive with B, compared to copper
(Cu) and aluminum (Al). However, there were micro- and macro-cracks in the middle
of the core (indicated by white arrows). This can be attributed to the high ratio of
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thickness reduction. If flat tapes are deformed by lower thickness reduction, more
homogeneous densification can be expected. And so, further studies on these samples
are needed in order to find the optimum conditions.
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6.6 Comparison with Ex Situ Processed Tapes

Figure 6.5 Jc(B) behavior of the in situ processed flat tape in this work compared to

commercial and modified ex situ processed flat tapes [9].

Figure 6.5 plots the Jc(B) behavior of the in situ processed flat tape compared to
commercial and modified ex-situ processed flat tapes. It was observed that Jc of the tape
was significantly higher than those of commercial ex situ ones in both the low and high
field regimes. The main reason is that in situ processing can introduce better
connectivity and smaller grains. The smaller grains could be acting as strong flux
pinning centers under high field. Recently, Nakane et al. [9] reported Jc of modified ex
situ tape reached 3600 Acm-2 at 4.2 K and 10 T. This result is very comparable with that
of in situ samples in this study. Note that self-field Jc of both ex situ processed flat tapes
showed poor values in the low field regime, even though the high field Jc of modified ex
situ tape showed significant enhancement. This is expected, showing the need for
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improvement in connectivity. However, the results show a potential way for enhancing
pinning. It is expected that Jc can be further improved by better connectivity through
optimizing the fabrication procedures and sintering conditions.
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6.7 Summary
In this study, MgB2 conductors in the form of round wires and flat tapes were
fabricated by an in situ processed PIT technique. It was found that Jc is strongly
correlated with flux pinning strength and microstructures. It was observed that the two
types of samples sintered at low temperature, ~ 650oC, had a relatively good high-field
Jc at 4.2 K and 12 T. This can be attributed to grain boundary pinning due to smaller
grain size. Specifically, the flat tape can achieve significantly higher Jc values in the low
field regime compared to round wires, mostly as consequence of the higher deformation
pressure of rollers in comparison to drawing. However, there were still cracks in the flat
tape. This can be attributed to the high ratio of thickness reduction. Note that the selffield Jc of both ex situ processed flat tapes showed poor values in the low field regime,
even though the high field Jc of modified ex situ tape showed significant enhancement.
However, the results show a promising way to improve Jc for potential magnet
applications.

133

References
[1]

Y. Iwasa, D. C. Larbalestier, M. Okada, R. Penco, M. D. Sumption, and X. X. Xi,
"A round table discussion on MgB2 toward a wide market or a niche production?
A summary," IEEE Transactions on Applied Superconductivity, vol. 16, pp. 14571464, 2006.

[2]

K. Vinod, R. G. A. Kumar, and U. Syamaprasad, "Prospects for MgB2
superconductors for magnet application," Superconductor Science & Technology,
vol. 20, pp. R1-R13, 2007.

[3]

J. M. Rowell, "The widely variable resistivity of MgB2 samples," Superconductor
Science & Technology, vol. 16, pp. R17-R27, 2003.

[4]

A. V. Pogrebnyakov, J. M. Redwing, J. E. Jones, X. X. Xi, S. Y. Xu, Q. Li, V.
Vaithyanathan, and D. G. Schlom, "Thickness dependence of the properties of
epitaxial MgB2 thin films grown by hybrid physical-chemical vapor deposition,"
Applied Physics Letters, vol. 82, pp. 4319-4321, 2003.

[5]

M. Tomsic, M. Rindfleisch, J. J. Yue, K. McFadden, D. Doll, J. Phillips, M. D.
Sumption, M. Bhatia, S. Bohnenstiehl, and E. W. Collings, "Development of
magnesium diboride (MgB2) wires and magnets using in situ strand fabrication
method," Physica C, vol. 456, pp. 203-208, 2007.

[6]

J. H. Kim, S. X. Dou, D. Q. Shi, M. Rindfleisch, and M. Tomsic, "Study of MgO
formation and structural defects in in situ processed MgB2/Fe wires,"
Superconductor Science & Technology, vol. 20, pp. 1026-1031, 2007.

[7]

V. Braccini, L. D. Cooley, S. Patnaik, D. C. Larbalestier, P. Manfrinetti, A.
Palenzona, and A. S. Siri, "Significant enhancement of irreversibility field in
clean-limit bulk MgB2," Applied Physics Letters, vol. 81, pp. 4577-4579, 2002.

[8]

Y. Yamada, M. Nakatsuka, A. Nitta, K. Tachikawa, and H. Kumakura,
"Superconducting properties and structure of in-situ MgB2 tapes with SiC and TiC
addition prepared by hot pressing," IEEE Transactions on Applied
Superconductivity, vol. 17, pp. 2911-2914, 2007.

[9]

T. Nakane, H. Kitaguchi, and H. Kumakura, "Improvement in the critical current
density of ex situ powder in tube processed MgB2 tapes by utilizing powder
prepared from an in situ processed tape," Applied Physics Letters, vol. 88, no.
022513, 2006.

134

Chapter 7: Influence of Hot-pressing on In Situ
Processed MgB2 Wires

7.1 Importance of Evaluating Hot-pressing Effect
In-situ processed MgB2 wire has a poor density and many voids due to the
magnesium diffusion explained by the Kirkendall effect. From the microstructural point
of view, higher density in MgB2 wire can lead to better grain connectivity, resulting in
enhanced critical current density (Jc) [1], [2]. Recently, Yamada et al. [3], reported that
the Jc of flat tape fabricated by the hot-pressing had been significantly improved. The
higher Jc obtained in hot pressed tapes results from the improvement of the density of
MgB2 core with less voids and better linkage among grains. According to an earlier
study [4], cold deformed MgB2 tape was to be preferred over the round shape wire to
achieve higher density of the superconducting core. Therefore, it is necessary to study
the effects of densification to find a clue to understand the current flow mechanism of
the MgB2. However, the flat tape led to Jc anisotropy due to the grain alignments [5]. So
far, these issues have not been evaluated systematically.
It is well known that magnesium (Mg) diffuses into boron (B) to form MgB2 phase.
Solid-solid reaction of Mg and B yields fewer and smaller voids in MgB2 phase
compared with liquid-solid reaction of those. The densification can increase the variety
of paths for current transfer. Therefore, low temperature sintering processing, as well as
hot-pressing, should result in higher critical current density. In this study, the effects of
hot-pressing on the Jc and microstructures for both un-doped and carbon doped MgB2
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wires were evaluated. In addition, the Jc anisotropy factor of the hot-pressed wires was
estimated.
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7.2 Experimental Details
The MgB2/Nb/Monel monofilament wires with 10wt% malic acid additive
(Strand 1391) and without dopant (Strand 960), used in this study were fabricated by
Hyper Tech Research, Inc. Detailed specifications on each strand are provided in Table
7.1.

Table 7.1 The specifications of un-doped (Strand 960) and carbon doped (Strand 1391) wires.
Strand ID

Barrier

Sheath

Powder

B source

composition

(%)
a

960

Nb

Monel

MgB2

A99

1391

Nb

Monel

MgB2 +
10wt.%(C4H6O5)

A99a

Mg:B
000
1:02

Diameter

SC b

(mm)

(%)

0.83
0.83

27
21

A99a = 99% amorphous boron, SC b= superconducting volume

Uniaxial hot-pressing was conducted under 100 MPa at a sintering temperature of
600oC for 4 hours. Normal sintered wire as a reference was also fabricated under the
same conditions without pressure. The schedule of the hot-pressing is shown in Figure
7.1. The transport current at 4.2 K was measured by the standard four-probe method
with the criterion of 1 μVcm-1 in magnetic fields up to 15 T, with currents up to 400 A.
The magnetic field was applied parallel and perpendicular to the tape surface. To avoid
any deterioration of the critical current due to quenching, the measurement was
performed in decreasing field from 15 T. Grain morphology and microstructure were
examined by scanning electron microscopy (SEM).

137

Figure 7.1 Schedule of hot-pressing for un-doped and malic acid doped conductors.
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7.3 Positive Effect on Microstructure

Figure 7.2 SEM images of polished cross-sections for sintered MgB2 wires without pressing (a,
c) and with hot pressing at 100 MPa (b, d). Here, (a, b) are un-doped wire (Strand 960) and (c,
d) are malic acid doped wire (Strand 1391).

Figure 7.2 shows microstructures of the un-doped and malic acid doped MgB2
wires before and after hot-pressing. As can be seen in the figure, less voids in the hotpressed samples due to the mechanical deformation were found. This led to the volume
reduction or the compaction of the superconducting core. In contrast, it was observed
that there were considerable voids in the non- hot-pressed samples. This occurs when
melted magnesium at around 650 °C starts to diffuse into solid boron. That is, the
positions of the magnesium powder particles in the precursor correspond to the voids in
the matrix after sintering. In order to reduce the void size, therefore, using nano-sized
magnesium powder would be even better from the viewpoint of the microstructure. So
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far, several research groups have studied the effects of nano-sized magnesium on the
critical current density [6,7]. In particular, Yamada et al. [8] reported that the critical
current density of MgB2 tape made from nano-sized magnesium was quite similar to
that of carbon doped tape. From the results, it is speculated that the hot-pressing in
combination with nano-sized magnesium powder further promotes the grain
connectivity and enhances the Jc.
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7.4 Influence on Transport Jc

Figure 7.3 Critical current density of hot-pressed un-doped and malic acid doped wires at 4.2 K.
Magnetic field is applied parallel and perpendicular to the tape surface, respectively. The critical
current density of the non-hot-pressed un-doped and malic acid doped wires also is shown as a
reference.

These results obtained from SEM observations can be supported by the results
on critical current density of the hot-pressed un-doped and malic acid doped wires, as
can be seen in Figure 7.3. Quite interestingly, the magnetic field dependence of the Jc
characteristic of the hot-pressed sample showed highly anisotropic behavior: the critical
current density in a field parallel to the longitudinal direction of the tape was higher
than that in a perpendicular field. This is mainly due to the fact that the grains have a-b
planes aligned along the longitudinal direction of the hot-pressed conductor. In Figure
7.3, it was also found that the critical current densities of the hot-pressed un-doped tape
in both parallel and perpendicular fields were higher than those of the non-hot-pressed
wire. In case of hot-pressed malic acid doped tape, however, only the critical current
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density in parallel field was higher than that of the non-hot-pressed wire. This indicates
that hot-pressing method is more effective for un-doped wire in this study.
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7.5 Anisotropy

Figure 7.4 Anisotropy factors of hot-pressed un-doped (Strand 960) and malic acid doped
(Strand 1391) conductor with an increasing field.

From the viewpoint of anisotropy, the carbon doped conductor had less
anisotropic properties in an external magnetic field, as can be seen in Figure 7.4.
Interestingly, the anisotropy factor (K = Jparallel/Jperpendicular) increased with an increasing
magnetic field. For example, anisotropy factors of the critical current density for the
hot-pressed un-doped and malic acid doped tapes were estimated to be 1.1 and 1.14,
respectively, under 6 T. In 14 T, however, the corresponding values were 2.6 and 1.7 for
two samples. This means that carbon substitution into the MgB2 structure can lead to a
smaller anisotropy factor with respect to the different field directions. Quite
interestingly, the K factor of Strand 960 exponentially increased with an increasing
magnetic field, while the K factor for Strand 1391 linearly increased with magnetic field.
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7.6 Negative Effect on Microstructure

Figure 7.5 SEM image of cross-section of a hot-pressed malic acid doped wire (Strand 1391).
There were cracks along the direction of uniaxial pressure in the core.

Figure 7.5 shows an SEM image of a cross-section of a hot-pressed malic acid
doped wire. It was observed that there were micro- and macro-cracks along the direction
of uniaxial pressure in the core. This can be attributed to the high ratio of thickness
reduction, which led to the degradation of Jc. Therefore, it is expected that Jc can be
further improved by better connectivity and the elimination of cracking through
optimizing the pressure and sintering conditions.
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7.7 Summary
The field dependence of the Jc of the hot pressed MgB2 conductors was
evaluated. The present work was mainly performed on two in-situ processed wires, one
with a malic acid additive and the other without dopant. From the experiment, the hotpressing led to improvement of the core density, the critical current density, and the
grain connectivity. In contrast, the field dependence of the critical current density of the
hot-pressed sample showed highly anisotropic behavior, with the critical current density
in a parallel field to the tape direction higher than that in a perpendicular field. This is
mainly due to fact that the grains have their a-b planes aligned along the longitudinal
direction of the hot-pressed conductor. Quite interestingly, the hot-pressing method is
much more effective for the un-doped conductor from the viewpoint of the critical
current density.
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Chapter 8: Influence of Hydrogen Containing Argon
Gas
on
the
Structural
Parameters
and
Superconducting Properties of Malic Acid-doped MgB2
Wires

8.1 Expectation toward Positive Effect of Hydrogen Gas
In-situ processed MgB2 wire has poor density and numerous voids due to Mg
evaporation. Even though a lower temperature sintering process leads to less voids and
better density, it can degrade grain connectivity [1]. To overcome these, many groups
have studied various mechanical processes, i.e., uniaxial hot and cold presses, two anvil
cold

high

pressure

deformation,

and

hydrostatic

extrusion

[2]-[5].

The

atmosphere/composition of flowing or static gases during the sintering process would be
also crucial for obtaining better grain connectivity. In order to prevent the oxidation of
the starting materials, high-purity argon (Ar) is normally employed as an inactive gas
[1]. In the literature, hydrogen (H2) gas can be used as an absorbent to remove oxygen
from the samples [6]. It is well known that the oxygen remaining in the matrix can
spontaneously cause the formation of a secondary phase, MgO, and an oxidation layer
of B2O3 during the sintering processing [1], [7], [8]. Thus, Ar gas containing a small
fraction of H2 may be preferred over pure Ar atmosphere.
Recently, malic acid (C4H6O5) has been receiving increasing attention as a
carbon source for enhancing in-field critical current density (Jc) of MgB2 [9], [10].
However, there is a possibility that residual oxygen compounds decomposed from malic
acid still remain in the starting powders, even after an evaporation process [9].
Removing the residue might result in enhancement of Jc, if H2 could serve as an oxygen
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getter in the flowing atmosphere. It is thus necessary to examine whether H2 gas during
the sintering process gives rise to a positive effect on Jc, especially for malic acid-doped
MgB2 wires, or not.
In an earlier study [11], it was reported that when commercial MgB2 powder was
sintered under high-pressure H2 gas up to 1 MPa, the critical transition temperature (Tc)
was increased from 38.2 K to 39.4 K. The reason for this was mainly the purified MgB2
phase. On the other hand, Kondo et al. [12] reported that H2 atmosphere during ballmilling processing of in-situ processed MgB2 powder led to a decrease in Tc. In this
study, therefore, the structural parameters, phase composition, Tc, Jc, and upper critical
field (Bc2) of un-doped and malic acid-doped wires sintered under H2 containing Ar
atmosphere have been evaluated.
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8.2 Experimental Details

Figure 8.1 Schematic diagram of vertical furnace equipped with a diffusion pump and gas
cylinders filled with pure Ar gas (99.999%) and Ar gas containing different amounts of H2
(99.99%). The concentration levels of H2 in Ar were chosen to be 5% and 10%. Even the mixed
gas with 90%Ar + 10%H2 is heavier than air, and thus, all the gases were injected at the bottom.
All wires were cut in lengths of 3.5 mm and hung in the vertical furnace. The furnace was
evacuated to 10-4 Pa and then filled with the desired gas. All wires were sintered at 700 ºC for
30 min in flowing pure Ar or H2 containing Ar gas.

An MgB2/Nb/Monel monofilament wire with 10wt% malic acid additive
(hereafter, termed Strand 1391), fabricated by Hyper Tech Research Inc., was studied in
this work. For a comparison and a reference, an un-doped MgB2 wire (Strand 960) that
was also manufactured by the same company was studied. The specifications for each
strand are provided in Table 7.1 in Chapter 7. All wires were sintered at 700 ºC for 30
min under flowing Ar gas containing different H2 contents, ranging from 0 to 10%, in a
vertical furnace, as shown in Figure 8.1. The phase composition was characterized by
X-ray powder diffraction (XRD). Transport critical current (Ic) at 4.2 K was measured
by using the standard four probe method with the criterion of 1 μVcm-1. Bc2 was derived
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from ac susceptibility with f = 76.97 Hz, 0Hac = 50 T, and 0Hdc = 0, 0.2, 0.5, 1, 3,
and 5 T. Tc was determined by ac susceptibility measurements at f = 76.97 Hz with
0Hac = 50 T. Scanning transmission electron microscopy (STEM) was employed to
analyze the morphology, structure, and phase composition.
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8.3 Influence on Lattice Parameters
Rietveld refinement results for the two wires sintered under different conditions
are summarized in Table 8.1. Here, refinement of the crystal structure was carried out
with the RIETAN-2000 program [13].

Table 8.1 Results of Rietveld refinement on the XRD data for malic acid-doped and un-doped
reference wires. The fitting quality between the observed pattern and the calculated one was
evaluated by reliability factors Rwp and goodness of fit S.
Strand ID
Sintering conditions
Ar (%)
H2 (%)

1391

960

100

95

90

100

95

90

0

5

10

0

5

10

X-ray powder diffraction data
Radiation source

CuK

 (Å)
2 (º)
Temperature (K)
Reliability factors
Rwp
Goodness of fit
S
Lattice parameters
a (Å)
c (Å)
V (Å3)

1.54060 (CuK1), 1.54443 (CuK2)
0.02
298
6.77

9.05

8.66

8.29

8.72

10.18

1.15

1.55

1.48

1.45

1.55

1.79

3.0752 (4)
3.5235 (4)

3.0754 (11)
3.5291 (11)

3.0769 (8)
3.5249 (7)

3.0821 (4)
3.5239 (4)

3.0817 (4)
3.5233 (5)

3.0822 (6)
3.5223 (8)

28.857 (7)

28.907 (18)

28.900 (12)

28.990 (6)

28.976 (7)

28.980 (10)

It was observed that the a-lattice parameter of the malic-acid doped wire was slightly
decreased from 3.0821(4) to 3.0752(4) Å under a flowing atmosphere of 100% Ar by
doping. This subsequently led to an anisotropic contraction of the unit cell volume,
which might result from the difference in the bond strength [14]. It has been argued that
contraction of the a-lattice parameter or unit cell volume causes reduction of Tc [15].
From comparison with single crystal results, the amount of carbon substitution at B sites
can be indirectly inferred from the difference in the lattice parameters [16].
Interestingly, the shrinkage of the a-lattice parameter for the malic-acid doped wires did
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not show a significant change with increasing H2 content in the Ar. As a result, up to a
10% H2 content in the sintering atmosphere does not affect the structural parameters of
the two kinds of MgB2 wires under the sintering conditions used in this study.
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8.4 Influence on Weight Fractions of MgB2 and MgO

Figure 8.2 Weight fractions of MgB2 and MgO with different H2 contents in Ar for malic aciddoped and un-doped wires

However, the weight fraction of MgB2 for the un-doped and malic-acid doped
wires decreased with increasing H2 content in the Ar, as can be seen in Figure 8.2. The
MgO fraction formed increases linearly with the H2 content. It is noteworthy that the
MgO fraction of the malic acid-doped wire is larger than that of the pristine one. From
the results, it is expected that there are still residual organic compounds in the samples.
In particular, the malic acid-doped wire incorporates more oxygen due to its organic
carbon source. That is to say, while the sintering temperature goes up to 700 ºC from
room temperature, the injected H2 gas starts to react with the residual oxygen content,
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which leads to H2O. This subsequently reacts with the Mg starting powder to form the
MgO.
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8.5 MgO Particles within MgB2 cores

Figure 8.3 (a) A BF-STEM image of an MgO particle in the malic acid-doped wire sintered
under 100% flowing Ar. (b) The FFT pattern coincides with MgO in the [001] beam
orientation. (c) EELS spectrum of O K and Mg K edges, with the inset showing an enlargement
of the O K edge.

The existence of MgO was further confirmed by bright field (BF)-STEM
analysis, as can be seen in Figure 8.3. Here, MgO shows similar interplanar distances to
MgB2 such as for

and

and for

and

. This

similarity makes it difficult to distinguish between MgO from MgB2. However, the
cubic structure of the MgO has a different angle, 90, between
compared with the angle of 87 between

and

and
in

MgB2. Thus, the MgO phase could be easily distinguished from the MgB2 matrix.
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Embedded MgO particles 30-50 nm in size were detected and one of those is shown in
Figure 8.3(a). The Fast Fourier Transform (FFT) pattern exhibits the MgO pattern in
the [001] beam orientation, where the angle between g200 and g020 is 90, as can be seen
in Figure 8.3(b). Electron energy loss spectroscopy (EELS) also supports that the
particle is MgO, with oxygen (O) K and magnesium (Mg) K edges, respectively, at 532
eV and 1305 eV, as shown in Figure 8.3(c). In the literature, the precipitation of MgO
in thin film could enhance the flux pinning effect [17], because the MgO particles are
randomly oriented with a grain size of about 10 nm [17], and the coherence length in
the a-b plane of MgB2 is about 6-7 nm [18]. In contrast, relatively large-sized MgO
particles would lead to degradation of the connectivity between grains.
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8.6 Crystallinity and Tc
It is well known that the crystallinities of in-plane and out-of-plane crystallites
have a strong influence on the values of the full width at half maximum (FWHM) of the
(110) and (001) peaks, respectively. It should be noted that the quantitative FWHMs of
the (110) peak between the two wires show quite big differences, as can be seen in
Figure 8.4. This means that improved crystallinity due to grain growth might reduce
defects (in the un-doped wire), while the overall peak broadening can be a better proxy
for the lattice disorder due to carbon doping (malic acid-doped). Quite interestingly,
there are no major change of the FWHM and the Tc with increasing H2 content.

Figure 8.4 FWHM of the (110) and (001) peaks, and Tc against H2 content in Ar for malic aciddoped and un-doped wires.
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8.7 Influence on Transport Jc and Bc2

Figure 8.5 (a) Magnetic field dependence of transport Jc at 4.2 K, and (b) temperature
dependence of Bc2 for malic acid-doped and un-doped wires.

Transport critical current density curves at 4.2 K for un-doped and malic aciddoped wires sintered under Ar with different H2 content are shown in Figure 8.5(a). Jc
for the malic acid-doped wire sintered under 100% flowing Ar is as high as ~25,000
Acm-2 at 10 T. At an external magnetic field of 11.8 T, the Jc is still around 10,000
Acm-2. With a slight increase in the H2 content in Ar, the Jc is drastically decreased, for
example, to 10,000 Acm-2 at 10 T when the sample is sintered under 90%Ar+10%H2.
On the other hand, the Jc of the reference un-doped wire sintered under 100% flowing
Ar was about an order of magnitude lower, about 3,800 Acm-2 at 10 T. At
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90%Ar+10%H2, the Jc of the un-doped wire was slightly decreased. This can be
attributed to the large fraction of MgO due to the residual oxygen content. The
temperature dependence of Bc2 for all the samples is shown in Figure 8.5(b). It was
observed that Bc2–T curves of malic acid-doped wires show steeper slopes than those
for the un-doped wires. The main cause is the enhancement of the Jc in the high-field
region due to carbon doping.
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8.8 Summary

In summary, the effects of sintering in H2 containing Ar atmosphere on the
structural and superconducting properties for MgB2 wires were evaluated. The a- and clattice parameters showed no change with increasing H2 content in the Ar. However,
the MgO fraction increases linearly with the H2 content in the Ar. The Tc decreased by
0.6 and 0.5 K, respectively, for malic acid doped and un-doped MgB2 wires. The Jc of
malic acid doped MgB2 wires at 4.2 K and 10 T decreased from ~ 25,000 A/cm2 to
~10,000 Acm-2 with increasing H2 concentration from 0% to 10%. It is therefore
concluded that H2 containing Ar gas does not make a suitable sintering atmosphere,
especially for malic acid-doped MgB2 wire, as it acts to increase the MgO content
during the sintering process. The MgO that is formed and embedded in the matrix could
not act as a source of flux pinning centers for MgB2 wires due to its large particle size.
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Chapter 9: Influence of Magnesium Particle Size on
the Superconducting Properties of Mg Diffusion
Processed MgB2 Bulks

9.1 Motivation and Scope
Magnesium (Mg) powder size is known to be one of the key factors that reduce the
grain size of MgB2. It is well established that grain boundaries act as pinning centres
and that reduction of the grain size increases the pinning force [1]-[6]. By employing
nanosized Mg powder for powder-in-tube processed tape, Yamada et al. have succeeded
in increasing the critical current density (Jc) [7]. However, nanosized Mg is much easier
to oxidize when it is exposed in air, which leads to a larger fraction of MgO, resulting in
decreased grain connectivity [8]. Intergrain connectivity has been one of the major
challenges in achieving wire and bulk with enhanced critical current density [9]-[14]. In
the literature, self-field Jc of the best connected thin film fabricated by hybrid physicalchemical deposition (HPCVD) was estimated to be 2.3×108 A/cm2 at 5 K [15].
However, this value reaches only 25% of the de-pairing current density, which is ~
8.7×108 A/cm2, as estimated from the Ginzburg-Landau (GL) formula [16]. In addition,
the self-field Jc of good polycrystalline samples [17] is typically ~1.0×106 A/cm2 which
is two orders of magnitude smaller than that for the thin film. This indicates that there is
still room to further improve the in-field Jc for wire and bulk.
In Chapter 3 and Chapter 4, a two-step heat-treatment process for Mg diffusion was
first employed to make highly dense (95% of the theoretical density) MgB2 bulk
samples, where coarse Mg lumps 3-5 mm in size were used as a starting material. It was
shown that not only the density was increased, but also the grain size remained small
with the two-step process. In this work, the effect of the size of starting Mg on the
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highly dense MgB2 bulk has been studied. Compared with coarse Mg lumps, Mg
powder is expected to be more easily evaporated and therefore more suitable for the
diffusion process. A detailed comparative study using synchrotron radiation (SR)
powder diffraction, Raman scattering, magnetization, and transport measurements has
been carried out on samples fabricated with powder and coarse lump forms of Mg.
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9.2 Experimental Details

Details of the polycrystalline MgB2 bulk sample fabrication process are reported
in Chapter 3 and Chapter 4. Coarse Mg lumps (purity 99.99%, size 35 mm) and
pressed amorphous B powder (99.995%, ~0.25 m) were placed in a Ta tube 50 mm in
length and 6 mm in diameter. In this work, Mg powder (99.9%, 150 m) was also used
as a starting material. The both ends of the Ta tube were then arc-welded in a glove box
filled with high purity Ar gas. The starting Mg : B atomic ratio was chosen to be 4 : 1.
The heat-treatment process was elaborated into three steps. In the first and second steps,
the Ta tube was vacuum-sealed in a quartz tube and sintered at 1100 °C for 4 minutes,
followed by a low temperature annealing at 660 °C for 14 hours. In the third, final step,
the Ta tube was pierced through, vacuum-sealed in a quartz tube, and heat treated at
690 °C for 0.5 hours to remove residual Mg from the samples. Hereafter, the
polycrystalline bulk samples are denoted as Pure A for the sample fabricated from Mg
powder and Pure B for the sample fabricated from Mg lumps.
High-energy synchrotron radiation (SR) powder diffraction was performed using
a large Debye-Scherrer camera equipped with an imaging plate as a highly sensitive Xray detector at the experimental hutch in BL02B2 of SPring-8 [18]. Raman scattering
was measured with a confocal laser Raman spectrometer (HORIBA Jobin Yvon with
resolution of 1 cm−1) with a 100× microscope. The 632.8 nm line of a HeNe laser was
used for excitation, with the Raman shift ranging from 200 to 1000 cm−1. Several spots
were selected on the same sample for collecting the Raman signals in order to eliminate
the influence of random orientation of the microcrystals on the intensities of the Raman
spectra. Resistivity () was measured with the standard AC four probe method. The
critical current density was estimated from the magnetization hysteresis loops using the
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Bean critical state model [19]. The microstructure was studied by field emissionscanning electron microscopy (FE-SEM, JEOL JSM-7500FA).
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9.3 Phase Composition and Structural Parameters

Figure 9.1 High-energy SR powder diffraction patterns of (a) Pure A and (b) Pure B. The
markers indicate the Bragg peak positions for MgB2, MgO, and Mg, respectively.

The SR diffraction patterns for the samples, Pure A and Pure B, are shown in
Figure 9.1. Very clear peaks of MgB2 phase can be observed for both samples, and the
lattice parameters for the two samples are almost the same, as can be seen in the
Rietveld refinement results shown in Table 9.1. The amount of MgO phase is less than
7% for both samples, indicating that the samples are very pure with mainly welldeveloped MgB2 phase. The Rietveld refinement of the crystal structure was carried out
with the RIETAN-2000 program [20]. An asymmetric pseudo-Voigt function was used
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for the analysis to investigate further the peak broadening effects caused by
crystallite/subgrain size and microstrain in the crystal lattice [21]. The X coefficient,
which is known to be related to crystallite size [21], [22], are almost the same for the
two samples studied in this work, but there is a clear noticeable increase in the Y
coefficient for the sample prepared with Mg powder, which is related with lattice strain
[21], [22]. In other words, the size of the starting Mg seems to affect only the lattice
strain, while leaving the lattice parameters and the crystallite/subgrain size intact.

Table 9.1 Details of structural refinement on the high-energy SR powder diffraction data for
diffusion processed MgB2 samples with different Mg sizes.
Pure A
SR powder diffraction data
Radiation source
(Å)
2º
Temperature (K)
Reliability factors
Rwp
Rp
RI
Goodness of fit
S
Lattice parameters
a (Å)
c (Å)
Peak broadening coefficients

Pure B

Synchrotron
0.49919 (5)
0.01
300
2.28
1.52
4.10

4.19
3.09
5.06

1.40

0.97

3.0828 (3)
3.5211 (2)

3.0830 (4)
3.5213 (3)

X

0.0364 (2)

0.0346 (8)

Y

0.208 (42)

0.062 (60)

MgB2 (%)

93.6

93.0

MgO (%)
Mg (%)

6.3
0.1

6.9
0.1

Weight fractions
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9.4 Raman Scattering Results and Tc

Figure 9.2 Raman spectra for (a) Pure A and (b) Pure B with fitting of the individual peaks.

Raman scattering results also indicate an enhanced lattice strain effect, as shown
in Figure 9.2. The peak at ~ 600 cm-1 is associated with the E2g in-plane vibration mode
of boron atoms, which is the only Raman active mode for MgB2 [23]. However,
chemical substitution [24] and lattice distortion or strain [25] are expected to modify the
phonon spectrum, by changing the phonon frequency and the electron-phonon
interaction. In Figure 9.2, the Raman spectra for both samples can be fitted with three
peaks, which are labeled as 1, 2, and 3 respectively. The 1 and especially 3 peaks
are understood to arise from sampling of the phonon density of states due to disorder.
The frequency and full width at half maximum (FWHM) of 12, and 3 for the two
samples are shown in the insets of Figure 9.2. Both the frequency and the FWHM of 2
for Pure B are higher than those for Pure A, which means stronger electron-phonon
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coupling and is in agreement with the slightly higher critical temperature (Tc) for the
Pure B sample, as listed in Table 9.2. On the other hand, the FWHMs of 1and 3 for
the Pure B sample are lower than those for Pure A. This is another indication that higher
lattice strain was induced in Pure A, which was fabricated from Mg powder, than in
Pure B.

Table 9.2 The measured critical transition temperature, resistivity values, residual resistivity
ratio, and active cross-sectional area fraction for Pure A and Pure B. Tc,onset and Tc are the
onset of the critical transition temperature and the transition width, respectively.
Tc,onset (K)

Tc (K)

300K-40K ( cm)

RRR

AF

Pure A

38.7

0.7

9.2

3.09

0.79

Pure B

38.9

0.7

19.2

3.63

0.38
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9.5 Influence on Bc2, and Birr
In an earlier work of Serquis et al., it was reported that the lattice strain induced
was related to the Tc [26]. In earlier results, it was further claimed that there was a
strong correlation between the lattice strain and the upper critical field (Bc2) as well [27].
Even though the critical transition temperature difference is small between Pure A and
Pure B, the increase in the upper critical field from using smaller Mg as the starting
material is obvious, as can be seen in Figure 9.3. Field dependence of the resistive
broadening was measured, and Bc2(T) and the irreversibility field (Birr(T)) were defined
as R(Bc2, T) = 0.9Rns and R(Birr, T) = 0.1Rns, where Rns is the normal state resistance at
40 K.

Figure 9.3 Temperature dependence of Birr and Bc2 for Pure A and Pure B. Fields of 0, 0.5, 1, 2,
3, 5, 7, 9, 11, and 13 T were applied to both samples.
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9.6 Influence on Grain Connectivity

Figure 9.4 Temperature dependence of the relative ρ for Pure A and Pure B.

From the resistivity measurements, grain connectivity was further investigated.
The temperature dependence of the relative normal state resistivity for Pure A and Pure
B is shown in Figure 9.4. The residual resistivity ratio (RRR), simply defined as the
ratio of the resistivity at 300 K to the resistivity at 40 K, was 3.09 and 3.63 for Pure A
and Pure B, respectively, as listed in Table 9.2. The relatively high values of RRR also
indicate that the samples fabricated in this work are high quality clean samples. The
active cross-sectional area fraction (AF) [12] is usually defined by

AF = Δρideal / (ρ300 K- ρ40 K)
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(9.1)

where, ρ40 K and ρ300 K are the resistivity measured at 40 K and 300 K, respectively.
Δρideal is the resistivity difference between 40 K and 300 K for an ideal sample, and the
value of 7.3 μΩ cm is typically used [28], [29]. The area fractions for Pure A and Pure B
were 0.79 and 0.38, respectively. The area fraction for the Pure A sample is almost
equal to that for well-connected MgB2 thin films [30]-[32]. The resistivity difference
between 40 K and 300 K (Δρ) for a clean thin film fabricated by HPCVD was reported
to be ~ 8.0 μΩ·cm [31], whereas Δρ for Pure A is 9.2 μΩ cm. It is quite interesting that
the pure A sample shows more internal lattice strain compared with the pure B sample,
and at the same time is very clean, as can be seen in the area fraction estimation.
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9.7 Influence on Microstructure

Figure 9.5 SEM images of the surface for (a) Pure A and (b) Pure B.

The size of Mg particles can influence not only the grain connectivity, but also
the microstructure in MgB2. Figure 9.5 shows field emission SEM (FE-SEM) images of
the surface for both samples. Interestingly, the morphological structures exhibit
considerable differences between the two samples. Well-connected, irregularly shaped,
and nanosized grains were observed in Pure A. In contrast, well-developed crystalline
and relatively large grains were found in Pure B. The well connected morphology and
nano-sized grains of Pure A may improve grain connectivity [12], increase effective
grain boundary pinning strength [1]-[6], and thus enhance in-field Jc.
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9.8 Results of Critical Current Analysis
Field dependence of the critical current was estimated from magnetization
measurements. Magnetic critical current density curves for Pure A and Pure B at 5 and
20 K are shown in Figure 9.6.

Figure 9.6 Field dependence of the Jc for Pure A and Pure B at operating temperatures of 5 and
20 K. All lines are calculated by using the percolation model.

Whereas the self-field Jc is more or less the same for the samples studied in this work,
there is a noticeable difference in the high field critical current density. The upper
critical field and the maximum pinning force were estimated using the percolation
model reported by Eisterer [14], [33]. The field dependence of the Jc is numerically
fitted by the following integral equation,

175



 p( J )  pc
J c   
1  pc
0





1.79

(9.2)

dJ

where, p(J) is the fraction of grains with critical current density above J and pc is the
minimum fraction required for a superconducting current flow. The model has four
fitting parameters, the upper critical field (Bc2), the anisotropy parameter (), the pinning
force maximum (Fm), and the percolation threshold (pc). The effects of percolation
threshold and the anisotropy parameter are usually indistinguishable, and in this analysis,
the value of pc is set to 0.26 [27], [34]. The best fit is obtained with the parameters listed
in Table 9.3, and the fitting curves are shown together in Figure 9.6 as solid lines.

Table 9.3 List of four fitting parameters for percolation model.

Pure A
5K
20 K
Pure B
5K
20 K

Fm (A T cm-2)

Bc2 (T)



pc

17000000
8700000

16
8.6

2.8
2.6

0.26
0.26

17000000

12

2.2

0.26

8200000

7.15

2.2

0.26

The upper critical field obtained from the percolation fitting is lower than that obtained
from the resistive broadening, which seems to be related to the differences between the
magnetic and transport measurements. However, the general trend is the same. The
upper critical field for the sample fabricated with the smaller size Mg as the starting
material is higher, and this seems to be the reason for the increase in the high field
critical current density. The increased area fraction estimated in the previous section can
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affect the effective pinning force maximum (Fm*= AF × Fm). However, an increment in
the pinning force maximum is only observable at 20 K.
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9.9 Summary
In this study, the correlation among the structural parameters, AF, Bc2, Birr, the
microstructure, and Jc for diffusion processed MgB2 bulks was evaluated with different
Mg powder sizes. Using fine Mg powder led to higher lattice strain, better grain
connectivity, and enhancement of superconducting properties, while the sample made
from Mg lumps showed well-developed grains. From Raman scattering analysis, the
sample made from the fine Mg appeared to have stronger electron-phonon coupling, and
this is in agreement with the slightly higher Tc and larger Bc2. Controlling the starting
Mg size is crucial for obtaining superior superconducting properties in Mg diffusion
processed MgB2.
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Chapter 10: Conclusions and Further Work

10.1 Conclusions
It has been shown that simultaneously controlling the mass density, the level of
lattice distortion/disorder, and the grain size of polycrystalline MgB2 materials is crucial
for improving the in-field critical current density (Jc). It has also been demonstrated that
only core densification of MgB2 wires can enhance the in-field transport Jc owing to
reduction of the cross-sectional deficiency. Furthermore, it has been found that the MgO
precipitates that are formed within cores of MgB2 wires are considerably larger than the
appropriate size range of flux pinning centres and could impede supercurrent flow.
It was first proved clearly that a two-step heat-treatment process within an in situ
Mg diffusion method is useful for effectively enhancing the in-field Jc of MgB2 bulks.
The sintering process gives rise to highly dense MgB2 bulks, while maintaining a small
grain size and a high level of disorder. The control of these structural properties resulted
in very strong in-field pinning without any doping.
This thesis also demonstrates that an oxygen-free pyrene (C16H10) gas phase
diffusion method provides a powerful means of further improving the in-field Jc of
dense MgB2 bulks. The C-containing gas is not only homogenously distributed into
boron powder, but is also diffused into compacted boron bulks. This led to considerable
lattice shrinkage of the a-lattice parameter and high disorder in the lattice structure. As a
result, significant enhancement of the upper critical field (Bc2) and Jc was achieved. This
gas phase diffusion technique can be used as a useful processing option in various
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manufacturing processes for wires and thin films as well as bulks for practical
applications.
In addition, it has been confirmed that core densification through the use of
uniaxial cold and hot presses can enhance the transport Jc of in situ processed MgB2
superconductors. Both types of presses reduced voids within MgB2 cores and increased
effective cross-sectional areas for supercurrent flow.
In order to control the formation of MgO to reduce its negative influence on the
Jc of MgB2 materials, the effect of sintering in H2-containing Ar atmosphere on the
structural and superconducting properties of MgB2 wires were investigated. The fraction
of MgO was proportional to the hydrogen content in the Ar gas. Larger amount of MgO
led to a decrease in transport Jc for the MgB2 wires. The observed MgO particles within
MgB2 cores were 30-50 nm in size and could not serve as flux pinning centers. Control
of the MgO content was found to be an obvious way of improving connectivity between
grains for supercurrent flow.
Finally, correlations were evaluated between the Mg particle size and the
structural parameters, the active cross-sectional area, the morphology, Tc, Bc2, and Jc for
Mg diffusion processed MgB2 bulks . The use of fine Mg powder caused higher internal
strain and improved grain connectivity, thus enhancing the in-field Jc. On the other hand,
the sample made from Mg lumps showed well-developed crystallinity and relatively
large grains. Raman scattering analysis also revealed that the sample made from the fine
Mg appeared to have slightly weaker electron-phonon coupling. This showed good
agreement with the results showing slightly lower Tc and larger Bc2. Controlling the
internal strain and the grain connectivity in dense MgB2 materials is crucial for
obtaining superior electromagnetic properties.
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10.2 Suggestions for Further work


How to simultaneously control the mass density, the level of lattice
distortion/disorder, and the grain size in long-length MgB2 wires for real
application: although the two-step heat-treatment within an in situ Mg diffusion
method showed that controlling these structural properties is needed to enhance
the in-field Jc of MgB2, the technique seems not to be directly applicable to
some manufacturing processes for long-length MgB2 wires. Thus, modifying the
method or establishing an alternative method is needed to control these
structural properties of MgB2 wires.



How to eliminate MgO or how to control its particle size in polycrystalline
MgB2 materials: even the use of hydrogen containing. It seems to be that the
formation of MgO is inevitable during the sintering process for forming MgB2,
and the control of the grain size is very difficult. However, if the appropriate
technique for addressing the issue is established, it can be beneficial for further
improving the in-field Jc of polycrystalline MgB2 materials.
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